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Abstract 
 
This thesis focuses on applying ambient mass spectrometry in electrochemical systems. 
The first section of the thesis introduces the utilization of desorption electrospray ionization mass 
spectrometry (DESI-MS) to confirm the existence and composition of the cathode electrolyte 
interface (CEI) in lithium ion batteries. The electrode-electrolyte interface or solid electrolyte 
interface (SEI) formed via electrolyte decomposition on the anode is largely responsible for the 
stable cycling of conventional lithium ion batteries. Similarly, there is a lesser-known analogous 
layer on the cathode side of a lithium ion battery, termed the cathode electrolyte interface (CEI), 
whose composition and role are debated. DESI-MS is applied to study common lithium ion 
battery cathodes. CEI formation on the LiMn2O4 cathode material is observed after cycling 
between 3.5 and 4.5 V vs Li/Li+ in electrolyte solution containing 1 M LiPF6 or LiClO4 in 1:1 
(v/v) ethylene carbonate (EC) and dimethyl carbonate (DMC). Intact poly(ethylene glycol) 
dimethyl ether is identified as the electrolyte degradation product on the cathode surface by the 
high mass-resolution Orbitrap mass spectrometer. When EC is paired with ethyl methyl 
carbonate (EMC), poly(ethylene glycol) dimethyl ether, poly(ethylene glycol) ethyl methyl ether 
and poly(ethylene glycol) are found on the surface simultaneously. The presence of ethoxy and 
methoxy end groups indicates both methoxide and ethoxide are produced and involved in the 
process of oligomerization. Au surfaces cycled under different electrochemical windows as 
model systems for Li-ion battery anodes are also examined. Interestingly, the identical 
oligomeric species to those found in the CEI are found on Au surfaces after running five cycles 
between 2.0 and 0.1 V vs. Li/Li+ in half-cells. These results show that DESI-MS provides intact 
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molecular information on battery electrodes, enabling deeper understanding of the SEI or CEI 
composition. 
The next section of the thesis focuses on demonstrating a technique that allows online 
coupling of electrochemistry to mass spectrometry (MS). Coupling of an electrochemical cell to 
MS is a powerful approach for identifying intermediates and products of electrochemical 
reactions in situ. In addition, electrochemical transformations have been used to increase 
ionization efficiency and modify analytes prior to MS, improving sensitivity and chemical 
specificity. Recently, there has been significant interest in developing paper-based 
electroanalytical devices as they offer convenience, low cost, versatility, and simplicity. This 
section describes the development of tubular and planar paper-based electrochemical cells (P-EC) 
coupled to sonic spray ionization (SSI) mass spectrometry (P-EC/SSI-MS). The EC cells are 
composed of paper sandwiched between two mesh stainless steel electrodes. Analytes and 
reagents can be added directly to the paper substrate along with electrolyte, or delivered via the 
SSI microdroplet spray. The EC cells are decoupled from the SSI source, allowing independent 
control of electrical and chemical parameters. P-EC/SSI-MS is used to characterize various 
reactions such as oxidations of cysteine, dopamine, polycyclic aromatic hydrocarbons, and 
diphenyl sulfide. The results show that P-EC/SSI-MS has the ability to increase ionization 
efficiency, to perform online EC transformations, and to capture intermediates of EC reactions 
with a response time on the order of hundreds of milliseconds.  The short response time allowed 
detection of a deprotonated diphenyl sulfide intermediate, which experimentally confirms a 
previously proposed mechanism for oxidation of diphenyl sulfide to pseudodimer sulfonium ion. 
This section introduces paper-based EC/SSI-MS via development of two device configurations 
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(tubular and planar electrodes), as well as discusses the capabilities, performance, and limitations 
of the technique. 
The last section of the thesis demonstrates the application of the technique introduced in 
the previous section. The paper substrate of the P-EC is extended into the electrolyte solution and 
a reference electrode is inserted into the electrolyte solution to form a three-electrode cell. 
Reagents can be delivered via SSI emitter or placed in the electrolyte solution. The P-EC/SSI-
MS system features synchronized behavior demonstrated by cysteine oxidation. The mesh 
electrode surface can be modified by sputter coating. Reaction intermediates and products of 
glycerol oxidation at the polarized Pt or Au-coated mesh electrode are monitored by SSI-MS in 
situ. The short response time allowed detection of glyceraldehyde in glycerol oxidation on Pt 
surface, which was previously reported non-detectable without sample pretreatment. The results 
show that sequential two-electron transfer steps (glycerol → glyceraldehyde → glyceric acid → 
glycolic acid/formic acid) dominate on Pt, while glycolic acid is the major product on Au. The 
high temporal resolution as well as high modulability of the cell makes P-EC/SSI-MS a powerful 
tool for identifying reaction intermediates and products of electrochemical processes. 
 
 v 
 
Acknowledgements 
 
First of all, I would like to thank my PhD advisor, Professor Andrew A. Gewirth. I have 
been so grateful to be able to join Gewirth group. Andy took me into his lab in my second year 
with the mentality of molding me into a scientist I am today. Without his guidance and support, 
this dissertation would not have been possible. I would also like to extend my appreciation to Dr. 
Richard H. Perry, without whom this work would be nonexistent. I also thank other members of 
my doctoral committee, Professor Joaquín Rodríguez-López, Professor Ralph G. Nuzzo, and 
Professor Jonathan V. Sweedler for their insights and feedback. I also extremely thank Furong 
Sun for his support. 
I am proud to say that my experience in the Gewirth lab was intellectually fun and 
exciting. To the Gewirthians, thank you all for the fun and support. My early experiences in the 
lab were greatly enhanced by Heng-Liang, Edmund, Christ, Elizabeth, Jen and Bruno. Thank you 
all for intellectual conversations and great advice. I would also like to thank Kim See for her 
constant scientific intrigue and insightful discussion. Thank you to Thao, Yeyoung, MJ and 
Kimberly for sharing an office with me and making my days enjoyable. Thank you to Ryan, 
Kevin and Jason for your perspective and help. Thank you to Lingzi, Teng, Kim Ta, Angie, 
Maria, Ruixian and Stephanie for your kind support. I greatly look forward to having all of you 
as friends in the years to come. 
To my friends, both near and far, I could not have accomplished what I have in graduate 
school without your support. I will forever be grateful to you for your care.  
 vi 
 
Finally, but not least, I want to thank my parents for supporting me to fulfill one of my 
dreams. Thank you for creating such a wonderful, nurturing learning environment for me and my 
brother. To my brother, thank you for your encouragement and for setting wonderful examples of 
strong work ethic and integrity. I love you all. 
 
vii	
	
Table of Contents 
 
Chapter 1:  Introduction…………………………………………………………………………...1 
 
Chapter 2:  Characterization of the Cathode Electrolyte Interface in Lithium Ion Batteries  
       by Desorption Electrospray Ionization Mass Spectrometry………………………...15 
 
Chapter 3:  Paper-Based Electrochemical Cell Coupled to Mass Spectrometry……………...…39 
 
Chapter 4:  Coupling of a Versatile Three-Electrode Paper-Based Electrochemical Cell to 
       Mass Spectrometry: Electrochemical Sonic Spray Ionization Mass Spectrometry…68 
 
Appendix A: Observation of the Dimer Complex in Electrolytes for Rechargeable Magnesium 
          Ion Batteries by Sonic Spray Ionization Mass Spectrometry……………………..94 
		
	
1	
Chapter 1 
 
Introduction 
 
1.1 Renewable Energy in Transport  
The present energy economy based on fossil fuels is at a serious risk. Not only fossil 
fuels are limited in supply, but the atmospheric CO2 level has increased dramatically in the past 
50 years and global warming has become a serious environmental concern. In fact, 87% of 
human sources of CO2 emissions are from the use of fossil fuels.1 Currently, 95% of the total 
energy the transportation used is provided by burning fossil fuels.2 In order to reduce CO2 
emissions and change the energy landscape, increasing the energy production from renewable 
sources and developing efficient energy storage systems are of great importance. In addition, 
biodiesel is a renewable alternative energy source for petroleum.3 The use of biodiesels reduces 
the amount of fossil fuel consumption and has the potential to reduce CO2 emissions from the 
transport industry.3  
1.1.1 Electrochemical Energy Storage Systems  
Electrochemical energy storage systems, especially rechargeable Li-ion batteries are a 
promising technology for efficient energy storage owing to the advantages such as high 
operating voltage and decent cycle life.4 Today’s lithium-ion batteries, although suitable for 
portable electronic devices, do not yet have sufficient energy or life for use in vehicles that 
would match the performance of internal combustion vehicles.5 It turns out that the electrode-
electrolyte interface, or solid-electrolyte interface (SEI) is critical to battery performance, 
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cyclability, and safety.6 The SEI consists of the products of the degradation of electrolytes and 
solvents during battery cycling.6-9 After the SEI forms, it serves as a physical barrier to block 
electron transport while lithium ions can still penetrate through the SEI.10 Developing a detailed 
understanding of the species in the SEI is a first step prior to tailoring the composition of the 
passivation film to enhance cycle life and safety of batteries. 
1.1.2 Biodiesel and Glycerol Oxidation  
 Biodiesel is produced via transesterification reaction between vegetable oils and short-
chain aliphatic alcohols, typically methanol or ethanol.11 Glycerol is generated abundantly as a 
byproduct of biodiesel production.11 Biodiesels are currently more expensive than traditional 
fuels.11 Considering that for 9 kg of biodiesel generated, 1 kg of glycerol is produced,12 the 
increase of biodiesel production will lead to an increase in glycerol stocks. To cut biodiesel 
production costs, there is a significant interest in applying glycerol as a fuel in direct organic fuel 
cells as well as electrochemically converting glycerol into value-added chemicals on the anode 
of the cell.11,13,14  
 
1.2 Desorption Electrospray Ionization - Orbitrap Mass Spectrometry 
A recent innovation in ionization method termed ambient mass spectrometry (AMS)15 
which provides the ability to generate ionized analytes of interest in their native environment 
under atmospheric pressure without sample preparation was started by Cooks and coworkers 
with the development of desorption electrospray ionization (DESI).16 DESI employs 
continuously sprayed electrically charged droplets which are directed onto a sample surface at an 
angle. The droplets act as projectiles and desorb analyte of interest from the surface. Charged 
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droplets containing ions of the surface material are then desolvated and transported away through 
the air into a conventional mass spectrometer due to the reflected gas stream (Figure 1.1).16 
The Orbitrap mass analyzer (Figure 1.2) employs orbital trapping in an electrostatic 
field.17 The potential distribution of the field can be represented as a combination of a 
quadrupole field of the ion trap and a logarithmic field of a cylindrical capacitor, resulting in the 
following electrostatic potential distribution as a function of the radial and axial coordinates:  
! !, ! =  !2 !! −  !!2 + !2 (!!)! ln !!! + ! 
where k is the field curvature, Rm is the orbitrap radius, and C is a constant. The potential does 
not contain r-z cross terms, thus stable ion trajectories in the Orbitrap is characterized by two 
independent components, (1) a harmonic oscillation along the z axis and (2) an orbital motion 
around the central electrode (φ motion).18 The equation of motion along z is 
! = − !! !" 
with initial conditions at t = 0  
! 0 = !! !"# ! 0 = !! 
and energy characteristics 
!!! = (!/2)(!!)! 
its exact solution is 
! ! = !! cos !" + 2!!! sin !"  
where !! is the initial axial amplitude, Ez is the initial ion kinetic energy along z-axis and 
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! (!"#$%#&'( !" !"#!$ !"#$%%&'$!() = !!/! 
where m and q are the mass and charge of the ion, respectively.17 
The image current in the outer electrodes induced by ion axial motion is acquired as a 
time-domain transient and Fourier-transformed to generate a frequency spectrum. Frequencies 
are converted to m/z.18 The commercial Orbitrap mass spectrometer has mass resolution up to 
150,000 and accuracy of 2-5 ppm.18 
 
1.3 Introduction to Electrochemistry Coupled to Mass Spectrometry 
The observation of electrochemical reaction species directly after electrochemical 
generation has been a goal for years. Coupling of electrochemistry (EC) with mass spectrometry 
(MS) has provided impactful insights into physical and biological sciences by ascertaining 
molecular weight information of electrochemical intermediates and products based upon 
measured mass-to-charge ratios, m/z. Electrochemistry coupled to MS (EC/MS) was first 
introduced by Bruckenstein and Gadde in 1971.19 Since then, EC/MS has found wide 
application in many areas of science and industry, such as the characterization of EC 
processes,20 drug metabolism,21,22 and biomolecules (e.g., proteins22-26 and deoxyribonucleic 
acid27), as well as chemical imaging.28,29 In EC/MS, the mass spectrometer serves as a sensitive 
detector for identifying products and intermediates generated in EC processes, providing mass-
to-charge ratios and structural information via tandem MS spectrometry (MS/MS).20 
Conversely, EC transformations prior to MS can selectively transform analytes to improve 
ionization efficiency and selectivity.20 
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EC is typically coupled to electrospray ionization (ESI) because of its high sensitivity 
and its ability to transfer intact non-volatile species from solution to the gas phase.30-32 In ESI, 
EC processes occur at the solution-capillary interface (Figure 1.3), which is influenced by the 
ESI current, capillary material, and composition of the solution.33-35 As a result of this inherent 
complexity in ESI, a distinct EC cell is desired to enable independent physical, electrical, and 
chemical control.36,37 Two-electrode38-40 and three-electrode41-43 EC/ESI-MS configurations 
(Figure 1.4) have been developed that achieve electrical decoupling through (a) floating the EC 
cell on the potential induced by the ESI high voltage or (b) electrically isolating the electronic 
circuits. An interesting example is an integrated three-electrode EC/ESI-MS device developed 
by Cole and coworkers (Figure 1.5) in which solution interacts with the EC working electrode 
a few millimeters before the end of the ESI source, leading to shorter response times (tr < 3 s; 
time between EC conversion and detection at three times the signal-to-noise (S/N)) compared 
to typical configurations that have tubing connecting the EC cell and ESI emitter (tr is 
determined by tubing length, tubing internal diameter, and solution flow rate). 
Recently, Chen and coworkers demonstrated that DESI can characterize liquid samples 
(liquid sampling DESI; LS-DESI).44 When microdroplets from a LS-DESI source impact the 
outlet of EC flow cells (Figure 1.6), species in the EC effluent are desorbed into secondary 
microdroplets that travel towards a MS for detection.24 The electrical, chemical, and physical 
components of the EC cell and LS-DESI source are separate, which enables independent 
control of electrical potentials, minimizes deleterious effects of electrolytes on ionization 
efficiency, prevents unwanted reactions that can potentially occur at ESI electrode surfaces, 
increases the scope of EC chemical systems available for study by EC/MS, and reduces 
carryover effects in the ionization source. 
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1.4 Figures and Tables 
 
	
Figure 1.1 Schematic of the DESI analysis. Reprinted with permission from Science 2004, 306, 
471-473. Copyright 2004 American Association for the Advancement of Science. 
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Figure 1.2 Cutaway view of the Orbitrap mass analyzer. Ions are injected into the Orbitrap at a 
point (red arrow) offset from z = 0 and perpendicular to z. The spindle-like central electrode 
enables a purely harmonic potential along z. The outer electrode was split at the middle. 
Application of AC frequency between the split outer electrodes excites the ions to begin 
harmonic oscillations along z. Reprinted with permission from Mass Spectrom. Rev. 2008, 27, 
661-699. Copyright 2008 Wiley Periodicals, Inc.. 
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Figure 1.3 Illustration of an ESI ion source in the positive ion mode in the atmospheric pressure 
region. The imposed electric field leads to an enrichment of positive ions present in the solution 
near the meniscus. The excess of positive ions are pulled downfield and expands the meniscus 
into a cone that emits a spray of small positively charged droplets. Evaporation of the positively 
charged droplets brings the charges closer together, which increases coulombic repulsion and 
destabilizes the droplets which emit jets of charged progeny droplets. Evaporation of progeny 
droplets causes emission of second generation progeny droplets, and so on until gas-phase ions 
form. TDC stands for total droplet current. Reprinted with permission from Anal. Chem. 1991, 
63, 2109-2114. Copyright 1991 American Chemical Society. 
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(a)
(b)
(c)
 
Figure 1.4 Schematic of the electrochemical flow cells coupled on-line with ESI-MS: (a) thin-
layer electrode cell, (b) tubular electrode cell and (c) porous electrode cell. Reprinted with 
permission from Anal. Chem. 1995, 67, 3643-3649. Copyright 1995 American Chemical Society. 
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Figure 1.5 Schematic of an integrated three-electrode EC/ESI-MS device. A platinum 
microcylinder (2) serves as the working electrode. A fused-silica layer (4) postpones electrical 
contact between the working electrode and the sample solution until the solution reaches the ESI 
region. The fused-silica layer also insulates the working electrode from the auxiliary electrode 
(8); the auxiliary electrode also functions as the electrospray capillary. The above electrode 
assembly is held in place by ferrules (9) on a PEEK “cross” (7). A reference electrode (6, 
Ag/Ag+ (0.01 M in CH3CN)) is isolated from the sample solution by a Vycor glass tip. Sample is 
injected from port 10, and nebulizing gas to assist the electrospray process may be introduced in 
port 12 of a stainless steel tube (14). Reprinted with permission from Anal. Chem. 1996, 68, 
4244-4253. Copyright 1996 American Chemical Society. 
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Figure 1.6 Schematic of the coupling of liquid sampling DESI (LS-DESI) to (a) thin layer flow 
EC cell and (b) tubular electrode cell. Reprinted with permission from Analyst 2013, 138, 5519-
5539. Copyright 2013 Royal Society of Chemistry. 
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Chapter 2 
 
Characterization of the Cathode Electrolyte Interface in Lithium Ion Batteries by 
Desorption Electrospray Ionization Mass Spectrometry* 
 
2.1 Introduction 
Rechargeable lithium ion batteries are attractive because of their many potential 
applications.1 Battery performance, cyclability, and safety are dependent on the quality of the 
electrode-electrolyte interface, or solid-electrolyte interface (SEI).2 The SEI consists of the 
products of the degradation of electrolytes and solvents during cycling.2-5 After the SEI forms, it 
serves as a physical barrier to block electron transport while lithium ions can still penetrate 
through the SEI.6 A variety of surface analysis techniques including Fourier transform infrared 
spectroscopy (FTIR),7-18 X-ray photoelectron spectroscopy (XPS),5,10,11,16,17,19-29 Auger electron 
spectroscopy (AES),11,29,30 and mass spectrometry (MS)31,32 have been used to understand the 
composition of the SEI. It is widely accepted that the SEI contains a layer of inorganic species 
close to the electrode and a porous organic or polymeric layer close to the electrolyte.2,28,33 SEI 
species commonly identified include ROCO2Li (reduction product of cyclic carbonates and 
linear carbonates),5,7,8,16,26 (CH2OCO2Li)2 (reduction product of ethylene carbonate),7,10 Li2CO3 
(reduction product of cyclic carbonates or from the reaction of CH2OCO2Li and H2O),5,9,11,12,16,26 
and ROLi (reduction product of linear carbonates).5,12,15,16 Polymers such as polyolefins,23,32 
polycarbonates,17,18 and poly(ethylene oxide) (PEO)5,17,18,25,26 have also been identified by using 
																																								 																				
*Reprinted with permission from Liu, Y.-M.; Nicolau, B. G.; Esbenshade, J. L.; Gewirth, A. A. 
Anal. Chem.2016, 88, 7171-7177. Copyright 2016 American Chemical Society. 
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spectroscopic techniques. Secondary ion mass spectrometry (SIMS) results32 implicate  a C2H3O 
fragment as is the major component of the basal SEI, suggesting the presence of polymers 
containing oxygen groups. Interestingly, a sequence of masses: 311, 325, 339, 353, 367 (with a 
common difference of 14) was also found and can be assigned to polyolefins (CH2)n.32 
In addition to the SEI formed on negative electrodes, a lesser-known analogous layer on 
positive electrodes of lithium ion batteries termed the cathode electrolyte interface (CEI) was 
also suggested.34 Surprisingly, the CEI generally consists of similar solvent and salt 
decomposition products as those found on negative electrodes, including LiF, ROCO2Li, 
ROCO2M, ROLi, MCO3, Li2CO3, MF2 (M = transition metals), polycarbonates, poly(ethylene 
oxide).35-39 The detection of similar degradation products on both negative and positive 
electrodes is still puzzling.35 Recently, Ni2+ and Mn2+/3+ β-diketonate coordination complexes 
were found upon anodic oxidation at the LixNi0.5Mn1.5O4-δ/ethylene carbonate (EC) electrolyte 
interface and the possible formation pathway of EC ring-opening mechanism suggested the 
presence of polycarbonates.40   
Mass spectrometry (MS) has been utilized to study the composition of the SEI and 
CEI.41-47 Differential electrochemical mass spectrometry (DEMS) performs online analysis of 
volatile reaction products formed during electrochemical cycling.42 CO2 and H2 evolution was 
detected from graphite electrodes starting at 1 V vs Li/Li+ (during the cathodic scan) in 
electrolyte containing 1 M LiPF6 in EC/DMC.42 The oxidation decomposition of electrolytes also 
generates CO2 when positive electrode materials (LiCoO2, LiMn2O4, and lithium-rich mixed 
metal layered oxides) are charged over 4.2 V vs Li/Li+ in carbonates electrolytes.43,44 O2 evolves 
at higher onset potential (4.7 V vs Li/Li+)43 or when the most oxidatively active cathode material, 
LiCoO2, is charged to over 4.4 V vs Li/Li+ in electrolyte containing 1 M LiPF6 in EC/DEC.44 Gas 
17	
	
chromatography (GC)/electron impact (EI)-MS has been used for highly volatile compounds 
identification in SEI and found that most of the decomposed products are from linear alkyl 
carbonate during electrochemically driven reduction.45 Ethylene oxide oligomers were identified 
as the degradation products from Li/CoO cell cycled between 0.02 and 3 V in electrolyte 
containing 1 M LiPF6 in EC/DMC by desorption electron impact (DEI) and electrospray 
ionization-high resolution mass spectrometry (ESI-HRMS).46 DEI generates fragments of 
molecules from the surface in the ionization process, leading to the difficulty in precisely 
identifying the fragmentation origins as many different molecules on the surface undergo the 
desorption process.46 ESI, a "soft" potential-driven ionization technique, allows sampling from 
the electrolyte solution and identifying intact cationated molecules.46 PEO formation mechanism 
was proposed based on GC/EI-MS and ESI-HRMS.45,47  
All ionization methods for mass spectrometry mentioned previously require the analyte 
for ionization to be present under high vacuum (EI) or in solution which ions are to be extracted 
into the gas phase (ESI). The invention of desorption electrospray ionization (DESI)48 triggers 
the development of the field of ambient mass spectrometry49 which provides the ability to 
perform chemical analyses of system in their native environment, leading to impactful 
discoveries in areas such as forensics, environmental science, and cancer biochemistry.50 In the 
DESI method, a spray of charged droplets created by means of a standard pneumatic ESI sprayer 
were directed onto a sample surface at an angle. The microdroplets act as projectiles and desorb 
analyte of interest from the surface. Charged microdroplets containing ions of the surface 
material are then desolvated and transported away due to the reflected gas stream.48 The resulting 
mass spectra are similar to normal ESI mass spectra in that they show mainly singly cationated 
molecular ions of the analytes.48 
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Developing a detailed understanding of the organic species in the SEI and CEI formed as 
a function of solvent is a first step prior to tailoring the composition of the passivation film to 
enhance cycle life and safety of lithium batteries. In the present study, DESI-Orbitrap MS is used 
to interrogate both the SEI and CEI. DESI does not require matrix addition or high-energy 
surface impingement, minimizing surface perturbation. The Orbitrap FTMS analyzer provides 
high mass resolution and high mass accuracy analysis, enabling accurate determination of the 
elemental composition of an analyte.51 We utilize DESI-Orbitrap MS to confirm the existence 
and composition of the CEI. Solvents for cycling, including ethylene carbonate (EC)/dimethyl 
carbonate (DMC), ethylene carbonate (EC)/ethyl methyl carbonate (EMC), and ethylene 
carbonate (EC)/diethyl carbonate (DEC), are investigated. Finally, we discuss the formation 
mechanism of PEO-type species by comparing the results from CEI and SEI. 
 
2.2 Experimental Section 
2.2.1 Materials  
Cathodes were made by mixing LiMn2O4 (LMO, 99%, Sigma-Aldrich), conductive 
carbon (Super P Li, TimCal), and binder (PVDF 2801, Kynar) in 8:1:1 mass ratio using a mortar 
and pestle. N-Methyl-2-pyrrolidone (99.0%, TCI) was then added into the mixture and the slurry 
was cast with a doctor blade at 0.10 mm thickness on aluminum foil. Cathodes were dried at 
60 °C in a vacuum oven overnight. Cathodes had average active material weight of 5.4 ± 0.4 
mg/cm2. Au-covered glass substrates as model anodes were made according to a literature 
procedure52 and annealed with a H2 flame prior to use. LiPF6 (98%, Sigma-Aldrich), ethylene 
carbonate (EC) (anhydrous, 99%, Sigma-Aldrich), dimethyl carbonate (DMC) and diethyl 
carbonate (DEC) (anhydrous in Sure/Seal, 99%, Sigma-Aldrich) were used without further 
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purification to make 1 M LiPF6 in EC/DMC and EC/DEC (1:1 volume ratio). 1 M LiPF6 in 
EC/EMC (1:1 volume ratio) was purchased from Sigma-Aldrich (battery grade) and used without 
further purification. Acetonitrile (OPTIMA LC/MS grade, Fisher Scientific) and ultrahigh purity 
nitrogen (S.J. Smith Co.) were used as spray solvent for desorption electrospray ionization. 
2.2.2 Potentiostatic Electrochemical Measurements  
Potentiostatic electrochemical measurements were performed with a CH Instruments 
Electrochemical Workstation (Model 760 D, Austin, TX). Counter and reference electrodes were 
formed from Li metal foil (Sigma-Aldrich). LMO cathodes and Au-covered glass substrates were 
cycled in a custom-made cone cell under an Ar atmosphere in a glove box at a scan rate of 0.2 
mV/s and 5 mV/s respectively. The total time for electrochemistry for the LMO cathode was 15h. 
2.2.3 DESI-Orbitrap FTMS  
Cycled working electrodes were recovered from disassembled cone cells in the glove box 
and sealed without rinsing in scintillation vials with Parafilm before being transferred out of the 
glove box. The working electrode was then mounted on a commercial ion source stage from 
Prosolia, Inc. (2D Omnispray DESI-MSI, Indianapolis, IN) to perform the DESI-MS 
experiments. The DESI spray solvent (acetonitrile) was flowed at a volumetric flow rate of 2 
µL/min by the instrument syringe pump. The nebulizing N2 gas pressure was at 120-180 psi. The 
electrospray voltage was set at 5 kV. A sprayer-to-surface distance of 1-2 mm, an incident spray 
angle of 55-65º, and a collection angle of 5-10º were used.53,54 The microdroplets entering the 
mass spectrometer were desolvated using a capillary temperature of 275 °C on an LTQ-Orbitrap 
XL mass spectrometer (Thermo Fisher Scientific, San Jose, CA).55-58 Unless specified otherwise, 
the Orbitrap MS was typically operated in the positive ionization mode using the following 
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parameters: single-stage m/z range = 50 – 1000, m/z resolution setting = 100,000 at m/z 400, 
mass accuracy = 5 ppm, ion injection time = 500 ms, tube lens voltage = 110 V. 
 
2.3 Results and Discussion 
2.3.1 DESI-MS Analysis of LMO Cathode Material Surfaces Cycled in EC/DMC 1:1 (v/v) 
Figure 2.1 shows a typical cyclic voltammogram of LMO cathode in 1 M LiPF6. The 
cycle starts from 3.0 V vs. Li/Li+ and two oxidative waves peak at around 4.13 and 4.27 V on the 
anodic scan. These peaks are corresponding to the delithiation of the spinel LMO to form λ-
MnO2 phase and the oxidation of Mn3+ to Mn4+.59 On the cathodic scan from 4.5 to 3.0 V, two 
reductive waves at 4.05 and 3.86 V on the cathodic scan indicate the reversible, two-step 
intercalation of Li to form LiMn2O4.60,61 
Potentiostatically cycled between 3.5 and 4.5 V (5 cycles) LMO working electrodes 
following immersion at 4.5 V were analyzed by DESI-Orbitrap MS. In the DESI method, 
cathodes are analyzed with the minimal perturbation, which fine spray of charged droplets hits 
the surface of interest. The droplets pick up intact molecules on the surface, ionize them, and 
deliver them into the mass spectrometer.49 
Figure 2.2a is a DESI-Orbitrap FTMS mass spectrum in the positive ion mode obtained 
from a LMO + PVDF + Super P cathode following immersion for 15 h in a solution containing 1 
M LiPF6 in EC/DMC. The figure shows ion signals corresponding to [EC + Na]+ (m/z 111.006), 
(Na is ubiquitous in glassware, solvents, and tubing.62) along with background peaks marked 
with a star (∗). Species that are degraded during the ionization process or not able to be ionized 
are not observed in the mass spectrum. Essentially the same mass spectrum was observed 
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following cycling between 3.0 and 3.5 V (not shown).  Figure 2.2b shows the DESI-Orbitrap 
FTMS mass spectrum obtained from the LMO sample after 5 cycles between 3.5 and 4.5 V 
followed by immersion at 4.5 V.  In addition to the [EC + Na]+ peak and the starred background 
peaks, the spectrum reveals the presence of considerable additional  material.  A new set of peaks 
between m/z = 361.239 and m/z = 845.533 exhibits a regular spacing of 44.026 ± 0.001.  This 
spacing is within error to that expected from [CH3(OC2H4)nOCH3 + Li]+ (calculated exact mass 
of OC2H4: 44.0262) (detailed mass spectrum in Figure 2.3), leading us to associate these peaks 
with lithiated poly(ethylene glycol) dimethyl ether.  The spectrum shows n values ranging from 7 
to 18. Each individual peak falls within a 5 ppm mass error versus the calculated exact mass. 
This result indicates that PEO-type polymers are generated at the cathode interface following Li+ 
intercalation and deintercalation into the cathode material. In the negative ion mode, the mass 
spectrum was dominated by anions (PF6¯) from the electrolyte solution (not shown). We found 
essentially the same lithiated poly(ethylene glycol) dimethyl ether signature in the positive ion 
mode mass spectrum following cycling the LMO cathode in 1 M LiClO4 in EC/DMC 1:1 (v/v). 
This result indicates the anion-independence of the PEO formation process. 
2.3.2 DESI-MS Analysis of LMO Cathode Material Surfaces Cycled in EC/EMC 1:1 (v/v) 
In order to evaluate the effect of different solvent molecules on the type of species 
observed at the CEI, we used another commonly used Li ion battery solvent -- EC/EMC 1:1 (v/v) 
-- as the solvent for cathode cycling.  Cyclic voltammograms of a LMO cathode in 1 M LiPF6 in 
EC/EMC 1:1 (v/v) are similar to those shown in Figure 2.1, as expected.63 The LMO cathode 
absent cycling yielded a mass spectrum similar to that shown in Figure 2.2a. Figure 2.4a shows 
the DESI-Orbitrap FTMS mass spectrum obtained from a LMO cathode cycled five times 
between 3.5 and 4.5 V and then immersed at 4.5 V from a solution containing 1 M LiPF6 in 
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EC/EMC 1:1 (v/v). In addition to ion signals corresponding to [EC + H]+ (m/z 89.024), [EC + 
Li]+ (m/z 95.032), [EC + Na]+ (m/z 111.006), [2EC + H]+ (m/z 177.041), [2EC + Li]+ (m/z 
183.049), [2EC + Na]+ (m/z 199.023), three series of peaks exhibiting the same spacing 
corresponding to m/z =  44.026 ± 0.001. This spacing and each individual peaks are within error 
to that expected from [CH3(OC2H4)nOCH3 + Li]+ (m/z 361.239-713.451, n = 7-15), 
[C2H5(OC2H4)nOCH3 + Li]+ (m/z 463.308-551.360, n = 9-11), and [H(OC2H4)nOH + Na]+ (m/z 
129.054-393.213, n = 2-9), leading us to associate these peaks with lithiated poly(ethylene glycol) 
dimethyl ether and lithiated poly(ethylene glycol) ethyl methyl ether as well as sodiated 
poly(ethylene glycol). Original signals at m/z 463.308 (Figure 2.4b, the shoulder of the peak at 
m/z 463.306 accompanied with calculated mass spectrum below), 507.334 (Figure 2.4c), and 
551.360 (Figure 2.4d) are also shown, corresponding to [C2H5(OC2H4)nOCH3 + Li]+ (n = 9-11) 
in low intensity. Table 1 reports the different polymeric species observed at LMO in different 
combination of solvents. 
Alkoxy species (ROLi) are reported to form as a component of solid-electrolyte interface 
(SEI)2,15,64 and generated ROLi can further react with solvent molecules.64 It has been reported 
that lithium methoxide (CH3OLi) triggers the PEO formation.65 Figure 2.5 shows the 
mechanism65 of the formation of poly(ethylene glycol) dimethyl ether which was found on the 
cycled cathode in both EC/DMC and EC/EMC. CH3OLi is believed to be generated from the 
reductive degradation of DMC and EMC.66,67 The explanation of what is causing the formation 
of CH3OLi in the potential window between 3.5 and 4.5 V may lie in the counter/reference 
electrode (Li) that reduces DMC and EMC during cycling. According to Figure 2.4b, 2.4c, and 
2.4d, poly(ethylene glycol) ethyl methyl ether is also produced when EC/EMC is used. The 
results agree with the mechanism when lithium ethoxide (C2H5OLi) is produced from EMC. 
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Interestingly, the relative amount of poly(ethylene glycol) ethyl methyl ether is significantly 
lower than poly(ethylene glycol) dimethyl ether when EC/EMC was used. The lower amount of 
poly(ethylene glycol) ethyl methyl ether could be a consequence of less ethoxide generated from 
EMC relative to methoxide. It is also possible that poly(ethylene glycol) ethyl methyl ether 
might react with residual H2O to form poly(ethylene glycol) (Figure 2.4a).65 
2.3.3 DESI-MS Analysis of LMO Cathode Material Surfaces Cycled in EC/DEC 1:1 (v/v) 
In order to test the mechanism in Figure 2.5 we cycled the LMO cathode in EC/DEC. 
Poly(ethylene glycol) dimethyl ether should not be found when EC/DEC is used as the solvent 
for cathode cycling because methoxide cannot be generated from DEC. Figure 2.6 shows the 
DESI-Orbitrap FTMS mass spectrum obtained from a LMO cathode cycled five times between 
3.5 and 4.5 V and then immersed at 4.5 V from a solution containing 1 M LiPF6 in EC/DEC 1:1 
(v/v). The cyclic voltammogram of a LMO cathode in 1 M LiPF6 in EC/DEC 1:1 (v/v) is similar 
to that found in EC/DMC (not shown). 
Figure 2.6 shows ion signals corresponding to [EC + Li]+ (m/z 95.032), [EC + Na]+ (m/z 
111.006), and only one series of peaks exhibiting regular spacing corresponding to m/z =  44.026 
± 0.001. This series of peaks was also found when EC/EMC 1:1 (v/v) was used, which is 
associated with [H(OC2H4)nOH + Na]+ (m/z 173.079-613.343, n = 3-13). Interestingly, the 
molecular weight distribution of the poly(ethylene glycol) spreads from m/z 129.054-393.213 in 
EC/EMC while it spreads from m/z 173.079-613.343 in EC/DEC, suggesting that other reaction 
pathways in EC/EMC hinder the chain growth of poly(ethylene glycol). Poly(ethylene glycol) 
dimethyl ether is found at m/z as high as 845.533 in EC/DMC (Figure 2.2b) but only to m/z 
713.448 in EC/EMC. This observation also supports the idea that the reactions forming 
poly(ethylene glycol) dimethyl ether and poly(ethylene glycol) suppress each other. 
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2.3.4 DESI-MS Analysis of Au Surfaces Cycled in EC/DMC 1:1 (v/v) 
The mechanism in Figure 2.5 shows that poly(ethylene glycol) dimethyl ether forms via 
CH3OLi generated from DMC reduction. We anticipated that similar reactions happen during 
cathodic potential windows. 
Figure 2.7 shows the DESI-Orbitrap FTMS mass spectrum obtained from a Au-covered 
glass substrate cycled five times between 2.0 and 0.1 V (Figure 2.7b) and then immersed at 2.0 V 
from a solution containing 1 M LiPF6 in EC/DMC 1:1 (v/v). Figure 2.7a shows ion signals 
corresponding to [EC + Li]+ (m/z 95.032), [EC + Na]+ (m/z 111.006), and exact the same set of 
peaks between  m/z = 405.265 and m/z = 713.451 exhibit a regular spacing of 44.026 ± 0.001, 
corresponding to lithiated poly(ethylene glycol) dimethyl ether. The solubility of CH3OLi in EC 
(40 °C) is 0.64 ± 0.01 g/L,68 suggesting that it is reasonable for methoxide to migrate from 
lithium electrode to the cathode side. The thickness of CEI was estimated to a few nanometers 
while the SEI is estimated to be tens of nanometers thick by soft and hard X-ray photoelectron 
spectroscopy,69 implying that the thinner CEI might arise as a consequence of need for 
methoxide diffusion from the Li metal anode to the cathode. However, we further separated Li 
electrode from the LMO cathode material by using a porous fritted glass tip (4-8 µm) and still 
found the same polymeric species. 
Finally, we appreciate the SEI/CEI is a heterogeneous material, certainly containing other 
inorganic70,71 and organic components70 (e.g. polycarbonates)40 not accessible using this 
technique. 
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2.4 Conclusions 
We demonstrate that desorption electrospray ionization mass spectrometry (DESI-MS) is 
applicable to solid electrolyte interface (SEI) and cathode electrolyte interface (CEI) surface 
characterization. DESI does not require matrix addition or high-energy radiation, allowing 
introduction of surface polymeric species into the mass spectrometer. The high-resolution 
Orbitrap mass spectrometer allows us to unambiguously pin down molecular formulas. The same 
intact PEO-typed oligomers were found on cycled LiMn2O4 cathode materials (3.5 to 4.5 V vs. 
Li/Li+) and Au (2 to 0.1 V vs. Li/Li+). The composition of the oligomers changed accordingly 
(Table 1) when different solvent combinations (EC/DMC, EC/EMC, and EC/DEC) were used for 
cycling, showing that formation of specific polymeric complexes at the electrode interface 
occurs and is dependent on the solvent.  In turn, this makes possible to conceive of a designed, 
deliberately synthesized, SEI/CEI. 
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2.5 Figures and Tables 
 
 
Figure 2.1 Cyclic voltammetry of LMO + PVDF + Super P as the working electrode cycled 
between 3 and 4.5 V vs. Li/Li+ in a solution containing 1 M LiPF6 in EC/DMC. 
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Figure 2.2 (a) DESI-Orbitrap FTMS mass spectrum of an uncycled cathode. The absolute 
intensity was amplified 100 times from m/z 315-1000. (b) Mass spectrum showing poly(ethylene 
glycol) dimethyl ether present on a cycled cathode using 1 M LiPF6 in EC/DMC 1:1 (v/v). 
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Figure 2.3 Detailed mass spectrum from Figure 2.2b showing the M+1 peaks caused by the 
presence of the 13C isotope in the molecule M: [CH3(OC2H4)nOCH3 + Li]+, n = 9-15. 
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Figure 2.4 (a) DESI-Orbitrap FTMS mass spectrum of a cycled LMO cathode using 1 M LiPF6 
in EC/EMC 1:1 (v/v). The absolute intensity was amplified 25 times for m/z at 129.054, 173.080, 
217.107, 261.133, 305.160, 349.187, 393.213, 50 times for m/z at 361.239, 405.265, 449.292, 
493.318, 537.344, 581.372, 625.398, 669.425, 713.451 and 1000 times for m/z at 463.308, 
507.334, 551.360 individually. The black color labels [CH3(OC2H4)nOCH3 + Li]+ (m/z 361.239-
713.451, n = 7-15). The red color labels [H(OC2H4)nOH + Na]+ (m/z 129.054-393.213, n = 2-9). 
The blue color labels [C2H5(OC2H4)nOCH3 + Li]+ (m/z 463.308-551.360, n = 9-11). (b), (c), and 
(d) Detailed mass spectra of different regions in (a) accompanied with calculated mass spectra 
(theo.) of [C2H5(OC2H4)nOCH3 + Li]+ (m/z 463.308, 507.334, 551.360, n = 9-11). 
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Table 2.1 Identified polymeric species on the LMO cathode cycled between 3.5 and 4.5 V vs 
Li/Li+ in combination of solvents. 
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Figure 2.5 Proposed reaction scheme for poly(ethylene glycol) dimethyl ether formation with 
the presence of methoxide.65 
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Figure 2.6 DESI-Orbitrap FTMS mass spectrum of a cycled LMO cathode using 1 M LiPF6 in 
EC/DEC 1:1 (v/v). 
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Figure 2.7 (a) DESI-Orbitrap FTMS mass spectrum of a cycled Au-covered glass substrate using 
1 M LiPF6 in EC/DMC 1:1 (v/v). The absolute intensity was amplified 100 times from m/z 360-
1000. (b) Cyclic voltammetry of Au-covered glass substrate as the working electrode in a 
solution containing 1 M LiPF6 in EC/DMC. 
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Chapter 3 
 
Paper-Based Electrochemical Cell Coupled to Mass Spectrometry* 
 
3.1 Introduction 
Electrochemistry coupled to mass spectrometry (MS) is powerful for identifying the 
products or intermediates of electrochemical reactions, which is not only useful for elucidation of 
redox reaction mechanisms but also leads to many valuable bioanalytical applications.1-6 The 
major challenge of the coupling is to interface an electrochemical cell online with a mass 
spectrometer for efficiently ionizing the electrolyzed samples.1 With the advance of ionization 
methods in mass spectrometry, different methods including electron impact (EI),7,8 thermospray 
(TS),9,10 fast atom bombardment (FAB),11 inductively coupled plasma (ICP),12 chemical 
ionization (CI),13 atmospheric pressure chemical ionization (APCI),14 and electrospray ionization 
(ESI)15-19 have been developed to combine electrochemistry with mass spectrometry. Ambient 
mass spectrometry20 started by Cooks and coworkers with the development of desorption 
electrospray ionization (DESI)21 represents a new advance in the MS field which has been 
employed for direct ionization of analytes with little or no sample preparation.22 Chen and 
coworkers demonstrated liquid sampling DESI (LS-DESI)23,24 coupled to electrochemical flow 
cells. Recently, the Zare and Chen laboratories utilized a “waterwheel” working electrode setup 
coupled to DESI-MS that enables ambient capture of solution-phase intermediates with lifetimes 
of tens of milliseconds, which has significant advantage for elucidating EC mechanisms.25-27 
																																								 																				
*Reprinted with permission from Liu, Y.-M.; Perry, R. H. J. Am. Soc. Mass Spectrom.2015, 26, 
1702-1712. Copyright 2015 American Society for Mass Spectrometry.  
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In recent years, there has been significant interest in developing paper-based devices for 
analytical applications because they are cheap, malleable, disposable, easy-to-use, and simple.28 
Paper-based electroanalytical devices offer the potential for high sensitivity and low limits of 
detection.28 The first paper-based electrochemical (EC) device was introduced by Henry and 
coworkers29 in 2009 for the detection of glucose, lactate, and uric acid in biological samples. 
This device utilized a carbon ink/Prussian blue mixture for the working electrode (WE) and 
counter electrode (CE), and silver/silver chloride ink for the reference electrode (RE). Cui et al.30 
developed a paper EC sensor comprised of solid-contact ion sensing and reference electrodes to 
determine the concentration of potassium ions in samples absorbed into a paper substrate (one 
end of the paper substrate was immersed in the sample solution), demonstrating the ability to 
integrate solid-contact electrodes with the convenience of disposable paper substrates.30 Online 
coupling of paper-based EC cells (P-EC) to mass spectrometry (MS) would open for study a new 
set of analytical techniques and applications. However, to our knowledge, this technological 
advance has not been demonstrated.  
In this chapter, we describe the development and characterization of a two-electrode 
paper-based EC cell for coupling to MS (hereafter referred to as P-EC/MS; Figure 3.1). The P-
EC/MS system is composed of (a) a paper substrate sandwiched between two solid-contact 
stainless steel (SS) mesh electrodes (planar P-EC) and (b) an ambient microdroplet probe 
directed at P-EC in line with the MS (Figures 3.1a and 3.1c). In a typical experiment, primary 
microdroplets containing reagents/analytes impact the paper substrate saturated with electrolyte 
after passing through SS mesh electrode E1. It is also possible to use pure solvents in the SSI 
microdroplet spray and saturate the paper with analytes/reagents and electrolyte. However, 
unless stated otherwise, the capabilities of P-EC/MS will be described with reagents/analytes 
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added to the microdroplet spray. Application of a potential across the electrodes produces EC 
intermediates and products, which are extracted into secondary microdroplets that travel through 
E2 and undergo sonic spray ionization (SSI)31 to generate gas-phase ions. The flexibility of the 
SS mesh electrodes and paper substrate make the EC cell malleable, providing multiple 
configurations for coupling P-EC cells to MS (Figure 3.1b shows the tubular configuration). 
The capabilities of P-EC/SSI-MS were demonstrated using well-known EC reactions 
such as oxidation of cysteine (Cys),32 dopamine (DOP),33 diphenyl sulfide (PhSPh),17 and 
polycyclic aromatic hydrocarbons (PAH).15,16 P-EC/SSI-MS produce results similar to 
previously published EC/MS characterization of these reactions, demonstrating its ability to 
monitor EC processes, to increase ionization efficiency of non-polar compounds, to perform 
online derivatization of specific analytes, and to distinguish isomers based on differing EC 
properties. One particularly exciting observation is that P-EC/SSI-MS has a short tr, which 
facilitates detection of transient intermediates generated at the electrode surfaces on the hundreds 
of milliseconds time scale. The shorter tr of P-EC/SSI-MS allowed detection of a deprotonated 
diphenyl sulfide species ([PhSC6H4]) during oxidation, providing evidence for a mechanism 
involving a cation or radical [Ph-S-C6H4] species to form pseudodimer sulfonium ion product 
[Ph2S+C6H4SPh]. In addition, the P-EC cell and SSI source are discrete systems, allowing 
independent control of electrical and chemical parameters. Finally, using a paper substrate 
between the electrodes provides a simple, cheap, disposable, and versatile approach for coupling 
EC to MS. 
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3.2 Experimental Section 
3.2.1 Materials  
All chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA) and used 
without further purification. Stainless steel (SS) mesh sheets (304 SS woven mesh with an 
unpolished finish, ASTM E2016-06, 0.0045" wire diameter, 30% open area) were purchased 
from Small Parts, Inc. (Miramar, FL, USA). The paper substrate was made from two sheets of 
Kimwipe (Kimberly-Clark, Neenah, WI, USA) and purchased from Thermo Fisher Scientific 
(San Jose, CA, USA). The direct current (DC) power supply (Keysight U8002A; 0-30 V; 0-5 A) 
was purchased from Testequity, LLC (Moorpark, CA, USA). 
3.2.2 Design and Operation of the Paper-Based Electrochemical Cells 
In planar P-EC, a paper substrate is placed between and in contact with two SS mesh 
electrodes (E1 and E2 in Figure 1a; E1: x × y × z (thickness) = 16 mm × 11 mm × 200 µm; E2: x 
× y × z = 20 mm × 15 mm × 200 µm). The dimensions of E1 < E2 and of the paper substrate > 
E2 minimize the possibility of electrical shorting during operation of the EC cell. The E1-paper-
E2 components of the P-EC assembly (500 µm total thickness, paper thickness = ~50 µm per 
sheet) are held together with two regular office metal binder clips. Plastic insulators (colored 
green in Figure 3.1c) were inserted between the binder clips and the electrode surfaces. The P-
EC assembly was positioned at 90o relative to the MS inlet. The microdroplet SSI emitter was 
placed 17 mm from the MS inlet (0o relative) and 2 mm from E1. In the tubular P-EC (Figure 
3.1b) configuration, two sheets of SS mesh (dimensions of E4 are less than E3) separated by a 
paper substrate of relatively similar dimensions were wrapped around a circular object to 
produce tubular electrodes (internal diameter (ID) × outer diameter (OD) × z = 3.2 mm × 3.8 mm 
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× 15 mm; internal surface area (ISA) = [π × (ID/2)2 × z] = 120.6 mm2). The microdroplet emitter 
is placed 0o relative to the MS inlet, and the emitter-to-P-EC and P-EC-to-inlet distances are 2 
mm (Figure 3.1b). For both the planar and tubular P-EC assemblies, alligator clips were used to 
connect each electrode to terminals of the DC power supply (Figure 3.1). 
The microdroplet sprayer consisted of a Swagelok (Swagelok, Fremont, CA, USA) 1/16” 
SS tee through which a FS capillary (250 µm internal diameter (ID); 360 µm outer diameter 
(OD); Polymicro Technologies, Lisle, IL, USA) delivered liquid from a Harvard Apparatus 
Standard Pump 22 (Holliston, MA, USA) syringe pump. FS passed through both 180o openings, 
and was held in place with a SS ferrule and SS nut at the end of the tee. The other end of FS 
passed through a SS capillary (length = 5 cm; ID = 0.020”), which was held in place with a 
second SS ferrule and SS nut. FS capillary protruded from the end of the SS capillary by ~1 mm. 
Different solution compositions were sprayed with flow rate at 20 µL/min. Sheath gas (nitrogen; 
N2) entered the sprayer at the 90o opening of the tee (line pressure = ~200 PSI) and exited SS 
capillary, generating the microdroplet spray. 
In a typical P-EC/SSI-MS experiment, the paper substrate is saturated with electrolyte 
using a Pasteur pipet and kept saturated throughout the analysis. Then, 4 V is supplied to the 
electrodes using a DC power supply (for the planar configuration, the positive electrode (E2) was 
closest to the MS; for tubular P-EC, the positive electrode (E3) forms the internal surface of the 
assembly). Analyte is then delivered to the P-EC assembly via the microdroplet spray emitter. In 
the planar configuration, microdroplets impact the paper substrate after passing through E1. 
Electrochemical species generated in the paper substrate are extracted by subsequent impacting 
microdroplets, which carry the analytes to the mass spectrometer. In tubular P-EC/MS, the 
primary microdroplets deliver the analyte to the paper substrate after passing through E3 (Figure 
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3.1b). Generated electrochemical species are then desorbed and extracted into secondary 
microdroplets. An important difference between the planar and tubular designs is that the 
secondary microdroplets can either travel to the mass spectrometer or undergo subsequent 
collisions with the paper substrate leading to additional reactions. As a result, the length and ISA 
of the tubular electrodes influence parameters such as the reaction time, ionization efficiency, 
and sensitivity. 
3.2.3 Mass Spectrometry 
The microdroplets entering the mass spectrometer undergo desolvation using a capillary 
temperature of 275 oC on an LTQ-Orbitrap XL mass spectrometer (Thermo Fisher Scientific, 
San Jose, CA, USA).34-38 Unless specified otherwise, the Orbitrap MS was typically operated 
using the following parameters: single-stage m/z range = m/z 50 – m/z 500, m/z resolution setting 
= 100,000 at m/z 400, mass accuracy = 2 ppm – 5 ppm, microscans = 1, ion injection time = 500 
ms, tube lens voltage = 110 V, spray voltage = 0 kV (SSI). For experiments that measure tr, ion 
detection was performed using the linear ion trap of the hybrid mass spectrometer (ITMS) with 
similar settings as described above, except that ion injection time = 100 ms. 
 
3.3 Results and Discussion 
3.3.1 Characterization of Planar P-EC/SSI-MS 
The well-known EC formation of disulfides from thiols (e.g. Cys in Figure 3.2a) was 
used to characterize features of planar P-EC/SSI-MS (Figure 3.1a). When a solution of Cys (MW 
= 121 gmol-1; 10 mM in 1:1 H2O:CH3OH) was used as the microdroplet spray and KCl (10 mM) 
as the electrolyte added to the paper substrate, application of a potential difference (ΔV) = 4 V 
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across electrodes E1 and E2 yielded mass spectra (Figures 3.2b) showing ion signals 
corresponding to [Cys + H]+ (m/z 122.026), [Cys + Na]+ (m/z 144.008), [Cys + 2Na – H]+ (m/z 
165.990), [Cys-S-S-Cys + H]+ (m/z 241.030), [Cys-S-S-Cys + Na]+ (m/z 263.012), and [Cys-S-S-
Cys + 2Na – H]+ (m/z 284.994). The ion signals corresponding to the disulfide product were not 
observed when ΔV = 0 V (Figure 3.2c), successfully demonstrating P-EC oxidation followed by 
online SSI-MS. 
The paper substrate is sufficiently porous such that ion signal intensities are not 
significantly affected when the EC cell is placed between the SSI and the MS inlet. When 
various solutions of Cys (10-4 M to 10-2 M in increments of 5 × 10-4 M) were directed at the mass 
spectrometer inlet capillary, the sum of the absolute intensities of Cys ionic species ([Cys + H]+ 
(m/z 122.026), [Cys + Na]+ (m/z 144.008), and [Cys + 2Na – H]+ (m/z 165.990) represented as 
Σ[M + n]+, where M is the neutral molecule and n represents H, Na, or (2Na – H)) at each 
concentration was relatively similar with and without the EC cell (Figure 3.3a; [KCl] = 0 M; ΔV 
= 0 V). In addition, application of 4 V to the EC cell did not significantly change Σ[Cys + n]+ 
(Figure 3.4a). Unless stated otherwise, error bars represent the standard deviation of three values 
and a fresh paper substrate was used for each measurement. In addition, it is important to note 
that the position of P-EC (angles and distances) has a significant effect on ion signal intensity, so 
the same parameters were used for all measurements. The ratio (Σ[Cys + n]+ with P-EC)/(Σ[Cys 
+ n]+ without P-EC) across all Cys concentrations = 1.1 ± 0.3, which indicates that the paper EC 
cell does not significantly affect sampling efficiency (SE) = ion transmission efficiency (TE) + 
ionization efficiency (IE) when placed between the emitter and the MS inlet. 
The concentration of KCl affects ionization efficiency (IE) from the paper substrate, while 
ΔV has no effect on IE. When the paper substrate was saturated with various concentrations of 
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KCl (1 mM, 10 mM, and 100 mM) at ΔV = 0 V, the ratio (Σ[Cys + n]+ for [KCl] = 100 
mM)/(Σ[Cys + n]+ for [KCl] = 1 mM) = 3.5 ± 0.5 for [Cys] = 10 mM (Figure 3.3b), indicating a 
slight increase in ion signal intensities. When the KCl(aq) concentration is greater than 10 mM, 
KCl(s) gradually accumulates on the MS inlet, eventually obstructing ion transfer into the mass 
spectrometer. For this reason, the remaining P-EC/MS experiments were performed at [KCl] = 
10 mM. When ΔV was increased from 0 V to 5 V in 1 V increments while holding the KCl and 
Cys concentrations constant, Σ[Cys + n]+ = (7.0 ± 0.6) × 104 with relative standard deviation 
(RSD) of only 9% (Figure 3.4b). All these results show that (a) potentials applied to the EC cell 
(0 V – 5 V) have no observable effect on the average charge of the secondary microdroplets and 
(b) higher electrolyte concentrations increase IE, which is in agreement with the proposed 
Statistical Charge Distribution mechanism for SSI (average charge of the microdroplets is 
proportional to the square root of ion concentration).39 
The optimum voltage for EC conversion of Cys was determined by varying ΔV and 
monitoring product/reactant intensity ratios, which increase from 2 V to 4 V and then plateaus at 
4 V (Figure 3.3c). These observations indicate that 2 V is the threshold for appearance of Cys-S-
S-Cys ion signals in acquired mass spectra ([Cys] = [KCl] = 10 mM) and that 4 V produces 
maximum conversion under P-EC/SSI-MS conditions. Incidentally, [Cys] = 1 mM is the 
threshold concentration for observing oxidation using P-EC/SSI-MS when ΔV = 4 V and [KCl] 
= 10 mM (Figure 3.4a). This voltage range (2 – 4 V) agrees with previous flow-EC/LS-DESI-
MS oxidation of analogous compound glutathione.24 From the equation of the reaction (Figure 
3.2a), 2 moles of Cys are converted for every mole of disulfide product, which agrees with [Cys-
S-S-Cys + H]+/[Cys + H]+ = 0.7 ± 0.1 for ΔV > 4 V (  plot in Figure 3.3c). Interestingly, Σ[Cys-
S-S-Cys + n]+/ Σ[Cys + n]+ = 1.2 ± 0.2 (  plot in Figure 3.3c), suggesting that the disulfide 
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product has higher sodiation efficiency compared to Cys under these conditions. In addition, at 
ΔV = 4 V the measured values for Σ[Cys + n]+, Σ[Cys-S-S-Cys + n]+, and Σ[Cys-S-S-Cys + 
n]+/ Σ[Cys + n]+ increase from [KCl] = 1 mM to 10 mM and then plateaus from 10 mM to 100 
mM indicating that [KCl] = 10 mM is the optimum concentration for Cys oxidation without 
causing significant salt deposition on the inlet capillary (see  and  plots in Figure 3.3b and 
Figure 3.4c). 
An important parameter in P-EC/SSI-MS is the polarity of ΔV with respect to direction of 
the microdroplet spray and MS inlet. All experiments described above were performed with E2 
connected to the positive terminal of the DC power supply (Figure 3.1a). When the polarity is 
switched so that E2 is the cathode, [Cys-S-S-Cys + n]+ ion signals were not observed (Figure 
3.5). In addition, [Cys + n]+ signal intensities remain relatively unchanged when E2 is the 
cathode. These results suggest that disulfide species generated at the anode (E1) are reduced at 
the cathode (E2) prior to exiting the EC assembly, producing mass spectra containing primarily 
[Cys + n]+ species.  
P-EC/SSI-MS characterization of the oxidation of dopamine (DOP) to dopamine o-
quinone (DOPQ) was used to estimate tr (Figure 3.6). Application of 4 V to the EC cell yielded 
mass spectra containing ion signals at m/z 137.060 [DOP – NH3 + H]+, m/z 154.086 [DOP + H]+, 
m/z 176.068 [DOP + Na]+, m/z 307.166 [2DOP + H]+, m/z 329.148 [2DOP + Na]+, and oxidation 
product at m/z 152.071 [DOPQ + H]+ (Figure 3.6b). The extracted ion chromatogram (XIC) for 
[DOPQ + H]+ shows that oxidation only occurs when a potential is applied (ON state) to the EC 
cell. Now, tr = delay from voltage onset (delay time) + time for signal intensity to increase to S/N 
= 3 (rise time). Signal intensity at the base (tbase) of the first peak is 295 and at the point where 
the slope of the peak decreases is 3638 (these points are connected by a red line Figure 3.6c). 
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Thus, rise time = 500(2 × 295)/(3638 – 295) = 90 ms (IT = 500 ms; total scan time = 3 s). 
Similar calculations for the first three peaks in Figure 3.6c gives an average rise time of 120 ± 40 
ms (for peak 3, tbase is equal to the average noise intensity of ~30; note that the slope of peaks 3 
and 4 decrease after two MS scans relative to tbase). For these experiments, the temporal 
resolution using IT = 500 ms is not sufficient to measure the delay time. ITMS XIC (IT = 100 ms 
for [PhSPh]+• (m/z 186; reaction mechanism discussed later in the article) generated from EC 
oxidation of PhSPh, yielded a rise time of 100 ± 100 ms and delay time of  330 ± 10, which 
gives tr = 500 ± 100 ms (Figure 3.6d). 
In summary, experiments characterizing planar P-EC/SSI-MS show that (1) the paper 
substrate in the EC cell does not affect ion signal intensity (viz. TE), (2) [electrolyte] influences 
IE owing to the square root dependence of average microdroplet charge on ion concentration, (3) 
the magnitude of ΔV applied to the EC cell has no effect on IE or TE (4) this P-EC cell 
configuration has threshold [KCl] = 10 mM and [Cys] = 1 mM at ΔV = 4 V (threshold potential 
= 2 V) for observing disulfide product, (5) P-EC allows the use of relatively high [electrolyte] ≤ 
10 mM without fouling of the MS inlet (deposition of KCl was observed at 100 mM), (6) the 
polarity of ΔV relative to the the SSI microdroplet spray direction and MS inlet determine the 
species observed in acquired mass spectra (viz. the mass spectrometer primarily samples species 
generated at E2 in the P-EC cell), and (7) the response time is on the order of hundreds of 
milliseconds. 
3.3.2 Ionization and Differentiation of Polycyclic Aromatic Hydrocarbons 
It is often necessary to characterize samples containing non-polar molecules such as 
polycyclic aromatic hydrocarbons (PAHs), which are components of crude oil.40 Many PAHs 
such as the isomers of benzo[α]pyrene (BAP), are potent carcinogens16 that require 
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environmental monitoring. Under certain conditions, ESI can extract an electron from PAHs 
when the number of aromatic rings in the molecule is greater than two.40,41 Direct detection of 
PAHs by SSI-MS is more challenging because a high voltage is not applied to the microdroplet 
spray solution. In addition, MS is unable to resolve isomers, thus requiring additional 
derivatization steps for characterization of PAH.  
We utilized P-EC/SSI-MS to ionize and differentiate BAP and perylene (PER) isomers 
(C20H12; 252 Da) based on the intensities of species generated in EC reactions with H2O. When 
mixtures of BAP:PER (9 mM:1 mM and 1 mM:9 mM in CH2Cl2/ACN) were placed in the SSI 
microdroplet spray, [C20H12]+• (m/z 252.091) was not observed (Figures 3.7a and b), indicating 
that the SSI mechanism and E2 potential are not sufficient to remove an electron from this 
aromatic ring system. This observation agrees with previous studies showing that the ESI 
potential ionizes PER with very low efficiency and does not yield any detectable signal for 
BAP.16 Application of ΔV = 4 V to the EC cell, yielded ion signals at m/z 252.091 ([BAP] +• and 
[PER]+•) for both the 9:1 and 1:9 solutions (Figures 3.7c and d).  
Interestingly, a peak at m/z 267.078 is also observed, which corresponds to the formation 
of BAP and PER oxidation products ([BAP – H + O]+ and [PER – H + O]+)  from reaction with 
H2O (Figures 3.7c and d; Figure 3.7e shows the proposed mechanism for oxidation of BAP). The 
intensity of m/z 267.078 relative to m/z 252.078 is as follows: 1 mM PER = ~5% (data not 
shown); 9 mM BAP:1 mM PER > 100%; (Figure 3.7d); and, 1 mM BAP:9 mM PER = ~10% 
(Figure 3.7c). These results suggest that EC oxidation of BAP has faster kinetics and/or [BAP – 
H + O] has higher ionization efficiency compared to [PER – H + O], which agrees with previous 
EC/ESI-MS analyses showing no [PER – H + O]+ in acquired mass spectra.15,16,23 The significant 
difference in the signal intensities of the oxidation products provides a means to distinguish a 
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mixture of the two isomers using EC/MS. Previous EC/ESI-MS spectra of H2O-mediated 
oxidation of BAP also show a peak at nominal m/z 283 corresponding to [BAP – H + 2O]+ with 
higher relative intensity compared to nominal m/z 267 and nominal m/z 252.16 The ion signal at 
m/z 283.073 is observed at very low relative intensities of ~0.9%, ~0.3%, and ~0.4% (compared 
to m/z 252.091) for 1 mM PER, 1:9 BAP:PER, and 9:1 BAP:PER solutions, respectively, when 4 
V was applied to the EC cell (Figures 3.7c and d). The lower relative intensity (< 1%) of the ion 
signal at nominal m/z 283 suggests that planar P-EC/SSI-MS (tr = 500 ± 100 ms) is accessing an 
earlier reaction time point compared to the EC/ESI-MS (tr < 3 s).16 These results highlight the 
ability of planar P-EC/SSI-MS to increase IE, and sensitivity of non-polar analytes, differentiate 
isomers based on distinct EC properties and reactions, and intercept EC intermediates and 
products on short time scales.   
3.3.3 Elucidation of Electrochemical Reaction Mechanisms 
The characterization of EC reactions is important for understanding many important 
chemical and biological processes. One well-known reaction is the anodic oxidation of diphenyl 
sulfide (PhSPh) to produce species containing sulfoxide and sulfone functional groups (Figure 
3.8a).17 The proposed EC reaction mechanism17 involves oxidation of neutral [PhSPh] to yield 
radical cation [PhSPh]•+ (m/z 186.050), which is unstable and may undergo further oxidation to 
diphenyl sulfone ([PhS(O)2Ph + H]+ at m/z 219.048 with ~0.1% relative intensity compared to 
m/z 203.035) via diphenyl sulfoxide (observed as [PhS(O)Ph + H]+ at m/z 203.053, [PhS(O)Ph + 
Na]+ at m/z 225.035, and [2PhS(O)Ph + Na]+ at m/z 427.080) in the presence of H2O (Figure 3.8). 
Alternatively, [PhSPh]•+ may react to yield pseudodimer sulfonium ion [Ph2S+C6H4SPh] at m/z 
371.093 and other oxidation products ([Ph2S+C6H4S(O)Ph] at m/z 387.087 with ~0.3% relative 
intensity compared to m/z 203.035 and [Ph2S+C6H4S(O)2Ph], which was not observed). All of 
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these species, except [Ph2S+C6H4S(O)2Ph], were observed via P-EC/SSI-MS (Figure 3.8b) 
including predominant background ions at nominal m/z 289, m/z 301, and m/z 317, which were 
also observed at ΔV = 0 V (Figure 3.8c). 
Three mechanisms have been proposed for the formation of the pseudodimer sulfonium 
ion involving three distinct intermediates (bolded in the scheme below):17,42 
 
Mechanism I 
2[PhSPh] → 2[PhSPh]•+ + 2e- 
                                                    (m/z 186.050) 
 
[PhSPh]•+  [PhSC6H4]• + H+ 
                 (185.042 Da) 
 
[PhSPh]•+ + [PhSC6H4]• → [Ph2S+C6H4SPh] 
                            (m/z 371.093) 
 
Mechanism II 
[PhSPh] → [PhSPh]•+ + e- 
 
[PhSPh]•+ → [PhSC6H4]+ + e- + H+ 
      (m/z 185.042) 
 
[PhSC6H4]+ + [PhSPh] → [Ph2S+C6H4SPh] 
                                           (m/z 371.093) 
 
Mechanism III 
[PhSPh] → [PhSPh]•+ + e- 
 
[PhSPh]•+ + [PhSPh] → [Ph2SC6H5SPh]•+ 
                                     (m/z 372.101) 
 
[Ph2SC6H5SPh]•+ → [Ph2SC6H4SPh]+ + e- + H+ 
                 (m/z 371.093) 
 
Previous EC/ESI-MS studies (ΔV = 1.5 – 1.75 V) using tr = 3 s, identified [PhSPh]•+ at 
nominal m/z 186 and the  pseudodimer sulfonium ion at nominal m/z 371, but ion signals for the 
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intermediates at nominal m/z 372 and m/z 185 were not observed, which led to the conclusion 
that mechanism I is predominant.17 Using P-EC/SSI-MS (tr = 500 ± 100 ms), an ion signal was 
observed at m/z 185.042 for intermediate [PhSC6H4]+ indicating that mechanism II is also 
involved in the formation of the pseudodimer sulfonium ion. The Orbitrap mass spectrometer 
used in this study is not capable of resolving the 13C isotope of pseudodimer sulfonium ions (m/z 
372.096) and [Ph2SC6H5SPh]•+ (m/z 372.101) (Figure 3.8b). However, the relative intensity of 
nominal m/z 372 (~26%) agrees with the expected value for the 13C pseudodimer sulfonium 
isotope, suggesting that mechanism III is not predominant. These results demonstrate that P-
EC/SSI-MS can intercept intermediates generated at electrode surfaces with temporal resolution 
of hundreds of milliseconds, making it a powerful technique for elucidating fast EC processes. 
3.3.4 Adding Reagents to the Paper Substrate in Planar and Tubular P-EC/SSI-MS 
 Addition of [PhSPh] and electrolyte to the paper substrate of planar P-EC/SSI-MS 
yielded more complex mass spectra having the same base peak ([PhS(O)Ph + H]+ at m/z 203.053) 
and with significantly lower relative intensities of relevant EC species (Figure 3.8a and 
mechanism II) compared to placing reagent in the microdroplet spray (compare Figures 3.8b and 
3.9a). The relative intensities of species relevant to anodic oxidation of [PhSPh] are 5% 
[PhSPh]•+ (m/z 186.050), 0.05% [PhSC6H4]+ (m/z 185.042), 25% [PhS(O)Ph + Na]+ (m/z 
225.035), 0.4% [Ph2S+C6H4SPh] (m/z 371.093), 3% [2PhS(O)Ph + Na]+ (m/z 427.080), and 1% 
[Ph2S+C6H4S(O)Ph] at m/z 387.087 (viz. all species in Figure 3.8 and mechanism II observed 
except [PhS(O)2Ph + H]+ at m/z 219.048). These results suggest that placing reagent in the paper 
causes unwanted competitive reaction pathways leading to numerous unidentified ion signals in 
acquired mass spectra. These ion signals may originate from additional [PhSPh]-related redox 
processes and/or from reaction with components of the paper matrix. 
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When tubular P-EC/SSI-MS (Figure 3.1b) was used to characterize oxidation of [PhSPh] 
in the microdroplet spray, acquired mass spectra (Figure 3.9b) contained many of the same 
unidentified ion signals observed in planar P-EC/SSI-MS with [PhSPh] added to the paper 
electrolyte layer (Figure 3.9a).  In addition, only the [PhS(O)Ph + H]+ (m/z 203.053), [PhS(O)Ph 
+ Na]+ (m/z 225.035), and [PhSPh]•+ (m/z 186.050) species relevant to anodic [PhSPh] oxidation 
were observed. Importantly, pseudodimer sulfonium ion was not observed and [PhS(O)Ph + H]+  
was no longer the base peak (Figure 3.9b). When [PhSPh] was added to the paper in tubular P-
EC/SSI-MS, ion signals for [Ph2S+C6H4SPh] (m/z 371.093) and oxidation product 
[Ph2S+C6H4S(O)Ph] (m/z 387.087) were also observed, indicating EC conversion (Figure 3.9c). 
Thus, the four configurations can be placed in order of ([PhSPh] oxidation) : (unwanted 
competitive pathways) ratio as  follows: planar-spray  >  planar-paper  > tubular-paper > tubular-
spray (EC cell shape-reagent location). This order suggests that competitive pathways are more 
pronounced at longer reaction times, which is controlled by the tube dimensions and reagent 
residence time in the paper substrate. 
Current results demonstrate that (a) reagents added to the paper substrate undergo EC 
conversion with potential reaction with components of the paper matrix and longer residence 
times, (b) EC transformation can be achieved using a tubular P-EC/SSI-MS design, and (c) tube 
dimensions significantly impact reactivity and performance characteristics such as ionization 
efficiency. 
3.3.5 Proposed Mechanism for P-EC/SSI-MS 
The results outlined above have provided some preliminary insights into the mechanism 
of P-EC/SSI-MS. When a voltage is applied to the EC cell, oxidation and reduction regions 
extend a short distance from the electrode surfaces into the paper matrix. Microdroplets from the 
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SSI emitter impact the paper substrate, delivering reagents to the EC cell. These reagents may 
undergo reduction at E1 as they diffuse through the paper towards the anode E2, where they are 
oxidized. Owing to the thinness of the electrodes (200 µm) and paper (~100 µm), the speed of 
impacting microdroplets (~150 m/s)43  rapidly transfers species generated at the E2-paper 
interface into the gas-phase leading to a response time on the hundreds of milliseconds times 
scale (tr = 500 ± 100; Figure 3.6). The short tr allows detection of transient EC species such as 
[PhSC6H4]+ formed in the oxidation of [PhSPh] (Figure 3.8). When reagents are added to the 
paper, there is a longer time between application of the voltage and sampling by the microdroplet 
spray (viz. tr is longer), which may cause unwanted processes such as reaction with chemical 
components of the paper. When the polarity is switched, reagents in the microdroplet spray are 
oxidized at E1 and then reduced at E2 (cathode) prior to entering the gas-phase. As a result, ion 
signals corresponding to oxidized intermediates and products were not observed in positive mode 
mass spectra (Figure 3.5). For tubular P-EC/SSI-MS, tr should be longer because of multiple 
collisions with the paper as microdroplets travel through the tube. In addition, extraction 
efficiency from the inner surfaces of the tube will be lower compared to the direct 90o impact of 
the microdroplet spray in the planar configuration. Similar to the planar configuration, the anode 
should be the inner electrode for characterization of oxidation reactions. 
An important point to note is that relatively high concentrations of analyte (mM) were 
required to observe EC conversion. This concentration regime agrees with previous observations 
by Cui et al.30 that solid-contact K+-selective electrodes had detection limits three orders of 
magnitude higher in a nitrocellulose paper matrix compared to bulk solution. A possible reason 
for the lower sensitivity is that ion transport through the paper matrix and at the paper-electrode 
interface is slower compared to solution-phase. Further characterization experiments are required 
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to identify the processes occurring in the paper matrix and inside the tube during EC cell 
operation, as well as elucidate their effect on EC reactivity. In addition, the impact of parameters 
such as tube dimensions (e.g. length and diameter), composition of the paper matrix, electrode 
material, and paper porosity on P-EC/MS performance needs to be evaluated. 
 
3.4 Conclusions 
This chapter describes coupling of paper-based electrochemical cells (P-EC) to sonic 
spray ionization mass spectrometry (P-EC/SSI-MS). The EC cells consist of a paper substrate 
sandwiched between two mesh stainless steel electrodes. In P-EC/SSI-MS the EC cell is 
physically decoupled from the ionization source, allowing independent control of electrical and 
chemical parameters. The flexibility of paper and mesh electrodes allowed development of 
tubular and planar P-EC/SSI-MS configurations, demonstrating high versatility and modularity. 
P-EC/SSI-MS was used to successfully characterize oxidation of cysteine, dopamine, polycyclic 
aromatic hydrocarbons, and diphenyl sulfide. Perhaps one of the most exciting features of P-
EC/SSI-MS is a demonstrated response time on the order of hundreds of milliseconds, which 
allowed online detection of transient EC species generated at the electrode surfaces in contact 
with the paper substrate. The high temporal resolution makes P-EC/SSI-MS a powerful tool for 
elucidating the mechanisms of EC processes in situ. In addition, the benefits and convenience of 
paper provide a low cost, disposable, and simple approach for coupling EC processes to MS. P-
EC/MS has the potential to open new areas of research and to facilitate the development of P-EC 
devices via advancing current understanding of molecular EC mechanisms operating in the paper 
substrate. 
	
	
56	
3.5 Figures and Tables 
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Figure 3.1 Schematic of a planar (a) and tubular (b) paper-based EC assembly (P-EC) coupled to 
SSI-MS. (c) Photograph showing the actual planar P-EC/MS experimental setup. 
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Figure 3.2 (a) EC oxidation of cysteine (Cys). (b) Mass spectrum showing P-EC/SSI-MS of Cys 
using ΔV = 4 V. (c) Mass spectrum showing P-EC/SSI-MS of Cys when no voltage is applied to 
the EC cell. 
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Figure 3.3 Characterization of planar P-EC/MS. (a) Sum of the ion signal intensities 
corresponding to Cys (Σ[M + n]+, where n = H, Na, and (2Na – H); M = Cys) as a function of 
[Cys] in the SSI microdroplet spray. (b) Plot showing the influence of [KCl] on ion signals 
corresponding to Cys and Cys-S-S-Cys. (c) Plot showing the effect of EC potential on the signal 
intensities of the protonated, sodiated, and disodiated species of Cys (left axis). The plot also 
shows ΔV effect on the sum of all ion signals corresponding to Cys and the disulfide product 
(right axis). 
	
	
59	
Σ
[M
+n
]+
 
EC Potential (V)
0
10
0 6
× 104
0
9
0 4 ×		10-3 8	×		10-3 1.2	×		10-2
x 104
Σ
[M
+n
]+
(b)
(a)
0 V
4 V
[Cys] (M)
[KCl] (M)
(c)
0
1.5
0 0.1Σ
[C
ys
-S
-S
-C
ys
 +
 n
]+
/ Σ
[C
ys
 +
 n
]+
 
 
Figure 3.4 P-EC/SSI-MS characterization via monitoring of the species generated in the EC 
oxidation of Cys to Cys-S-S-Cys. (a) Intensity of detected Cys species ([Cys + H]+ (m/z 122.026), 
[Cys + Na]+ (m/z 144.008), and [Cys + 2Na – H]+ (m/z 165.990); represented as Σ[M + n]+, 
where M is the neutral molecule and n represents H, Na, or (2Na – H) as a function of [Cys] (no 
KCl added). (b) Intensity of detected Cys species as a function of EC potential when no KCl is 
added to the paper substrate ([Cys] = 10 mM). (c) Σ[Cys-S-S-Cys + n]+/ Σ[Cys + n]+ as a 
function of [KCl] at ΔV = 4 V and [Cys] = 10 mM. 
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Figure 3.5 (a) P-EC/SSI-MS Mass spectrum for [Cys] = 10 mM, [KCl] = 10 mM, and ΔV = 4V 
with the positive potential on the electrode closest to the MS (i.e. E2 is the anode). (b) Same 
settings as (a) except that E2 is the cathode. 
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Figure 3.6 Response time of planar P-EC/SSI-MS. (a) EC oxidation of dopamine (DOP) to for 
dopamine o-quinone (DOPQ). (b) Average Orbitrap mass spectrum across peak 1 in the 
extracted ion chromatogram (XIC) shown in (c). (c) XIC for [DOPQ + H]+ with (ON) and 
without voltage applied to the EC cell. Red lines indicate the rising edge of each peak. (d) ITMS 
XIC for [PhSPh]+• (m/z 186; see Figure 3.8 for reaction mechanism and Orbitrap mass spectra; 
arrows indicate the time when the DC power supply is switched ON for each trial, which have 
distinct colors). 
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Figure 3.7 Planar P-EC/SSI-MS (electrolyte [KNO3] = 10 mM) spectra of solutions containing 
benzo[α]pyrene (BAP) and perylene (PER) in CH2Cl2/ACN. Μass spectra for (a) BAP:PER (1 
mM:9 mM) and (b) BAP:PER (9 mM:1 mM) solutions using ΔV = 0 V (background signals 
shown with red labels). Μass spectra for (c) BAP:PER (1:9) and (d) BAP:PER (9:1) solutions 
using ΔV = 4 V. Chemical structures for BAP and PER are shown in panel (c). (e) EC oxidation 
of BAP in the presence of water. 
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Figure 3.8 (a) Proposed mechanism for EC oxidation of [PhSPh]. (b) Planar P-EC/SSI-MS 
([KCl = 10 mM]) of [PhSPh] (10 mM in ACN) using applied EC potential (ΔV) = 4 V. (c) Same 
as (b) using ΔV = 0 V. 
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Figure 3.9 (a) Planar P-EC/SSI-MS mass spectrum for [PhSPh] = [KCl]= 10 mM deposited on 
the paper substrate (ΔV = 4V). (b) Tubular P-EC/SSI-MS mass spectrum for [PhSPh] = 10 mM 
sprayed through the tube towards the MS with [KCl] = 10 mM on the paper (ΔV = 4V). (c) 
Tubular P-EC/SSI-MS mass spectrum for [PhSPh] = [KCl]= 10 mM deposited on the paper 
substrate (ΔV = 4V). 	
	
	
65	
3.6 References 
(1) Liu, P.; Lu, M.; Zheng, Q.; Zhang, Y.; Dewald, H. D.; Chen, H. Analyst 2013, 138, 5519-
5539. 
(2) Qiu, R.; Zhang, X.; Luo, H.; Shao, Y. Chem. Sci. 2016, 7, 6684-6688. 
(3) Oberacher, H.; Pitterl, F.; Erb, R.; Plattner, S. Mass Spectrom. Rev. 2015, 34, 64-92. 
(4) Liu, P.; Zheng, Q.; Dewald, H. D.; Zhou, R.; Chen, H. Trends Anal. Chem. 2015, 70, 20-30. 
(5) Faber, H.; Vogel, M.; Karst, U. Anal. Chim. Acta 2014, 834, 9–21. 
(6) Zhang, Y.; Dewald, H. D.; Chen, H. J. Proteome Res. 2011, 10, 1293–1304. 
(7) Bruckenstein, S.; Gadde, R. R. J. Am. Chem. Soc. 1971, 93, 793-794. 
(8) Baltruschat, H. J. Am. Soc. Mass Spectrom. 2004, 15, 1693-1706. 
(9) Hambitzer, G.; Heitbaum, J. Anal. Chem. 1986, 58, 1067-1070. 
(10) Volk, K. J.; Yost, R. A.; Brajter-Toth, A. Anal. Chem. 1989, 61, 1709-1717. 
(11) Bartmess, J. E.; Phillips, L. R. Anal. Chem. 1987, 59, 2012–2014. 
(12) Pretty, J. R.; Evans, E. H.; Blubaugh, E. A.; Shen, W.-L.; Caruso, J. A.; Davidson, T. M. J. 
Anal. At. Spectrom. 1990, 5, 437-443. 
(13) Regino, M. C. S.; Brajter-Toth, A. Anal. Chem. 1997, 69, 5067–5072. 
(14) Diehl, G.; Liesener, A.; Karst, U. Analyst 2001, 126, 288-290. 
(15) Zhou, F.; Berkel, G. J. V. Anal. Chem. 1995, 67, 3643-3649. 
(16) Xu, X.; Lu, W.; Cole, R. B. Anal. Chem. 1996, 68, 4244-4253. 
(17) Lu, W.; Xu, X.; Cole, R. B. Anal. Chem. 1997, 69, 2478-2484. 
(18) Diehl, G.; Karst, U. Anal. Bioanal. Chem. 2002, 373, 390-398. 
(19) Looi, D. W.; Eyler, J. R.; Brajter-Toth, A. Electrochim. Acta 2011, 56, 2633-2640. 
(20) Harris, G. A.; Galhena, A. S.; Fernández, F. M. Anal. Chem. 2011, 83, 4508-4538. 
	
	
66	
(21) Takáts, Z.; Wiseman, J. M.; Gologan, B.; Cooks, R. G. Science 2004, 306, 471-473. 
(22) Cooks, R. G.; Ouyang, Z.; Takats, Z.; Wiseman, J. M. Science 2006, 311, 1566−1570. 
(23) Miao, Z.; Chen, H. J. Am. Soc. Mass Spectrom. 2009, 20, 10-19. 
(24) Li, J.; Dewald, H. D.; Chen, H. Anal. Chem. 2009, 81, 9716-9722. 
(25) Brown, T. A.; Chen, H.; Zare, R. N. J. Am. Chem. Soc. 2015, 137, 7274-7277. 
(26) Brown, T. A.; Chen, H.; Zare, R. N. Angew. Chem. Int. Ed. 2015, 54, 11183-11185. 
(27) Brown, T. A.; Hosseini-Nassab, N.; Chen, H.; Zare, R. N. Chem. Sci. 2016, 7, 329-332. 
(28) Cate, D. M.; Adkins, J. A.; Mettakoonpitak, J.; Henry, C. S. Anal. Chem. 2015, 87, 19-41. 
(29) Dungchai, W.; Chailapakul, O.; Henry, C. S. Anal. Chem. 2009, 81, 5821-5826. 
(30) Cui, J.; Lisak, G.; Strzalkowska, S.; Bobacka, J. Analyst 2014, 139, 2133-2136. 
(31) Hirabayashi, A.; Sakairi, M.; Koizumi, H. Anal. Chem. 1994, 66, 4557-4559. 
(32) Safavi, A.; Ahmadi, R.; Mahyari, F. A. Amino Acids 2014, 46, 1079-1085. 
(33) Mautjana, N. A.; Estes, J.; Eyler, J. R.; Brajter-Toth, A. Electroanalysis 2008, 20, 2501–
2508. 
(34) Hardman, M.; Makarov, A. A. Anal. Chem. 2003, 75, 1699-1705. 
(35) Hu, Q. Z.; Noll, R. J.; Li, H. Y.; Makarov, A.; Hardman, M.; Cooks, R. G. J. Mass Spectrom. 
2005, 40, 430-443. 
(36) Makarov, A. Anal. Chem. 2000, 72, 1156–1162. 
(37) Makarov, A.; Denisov, E.; Kholomeev, A.; Balschun, W.; Lange, O.; Strupat, K.; Horning, 
S. Anal. Chem. 2006, 78, 2113-2120. 
(38) Perry, R. H.; Cooks, R. G.; Noll, R. J. Mass Spectrom. Rev. 2008, 27, 661– 699. 
(39) Dodd, E. E. J. Appl. Phys. 1953, 24, 73-80. 
(40) Guricza, L. M.; Schrader, W. J. Mass Spectrom. 2015, 50, 549–557. 
	
	
67	
(41) Miyabayashi, K.; Naito, Y.; Tsujimoto, K.; Miyake, M. Int. J. Mass Spectrom. 2004, 235, 
49-57. 
(42) Magno, F.; Bontempelli, G. J. Electroanal. Chem. 1972, 36, 389-397. 
(43) Venter, A.; Sojka, P. E.; Cooks, R. G. Anal Chem. 2006, 78, 8549-8555. 
	
	
	
	
68	
Chapter 4 
 
Coupling of a Versatile Three-Electrode Paper-Based Electrochemical Cell to Mass 
Spectrometry: Electrochemical Sonic Spray Ionization Mass Spectrometry* 
 
4.1 Introduction 
Detecting products and intermediates of complex electrochemical reactions offers critical 
information to elucidate reaction mechanisms.1 Analytical techniques including spectroscopy,2-7 
chromatography,8,9 and mass spectrometry (MS)1,10-15 have been coupled with electrochemistry 
to probe intermediates/products and mechanisms in electrochemical processes. On-line coupling 
of MS to electrochemistry offers advantages in chemical specificity and sensitivity with limited 
loss of time resolution.11 Electrochemistry coupled to MS was first reported in 1971.16 Since then, 
differential electrochemical mass spectrometry (DEMS)17 has been commonly used to monitor 
small volatile molecules in electrochemical cells and is particularly useful to study and optimize 
electrochemical processes in batteries and fuel cells targeting molecules such as O2, H2, CO and 
CO2.1,18,19 In order to probe non-volatile species, electrochemical cells have been coupled to 
electrospray ionization (ESI) mass spectrometry.1,14,20-23 ESI can transfer intact analytes from 
solution to the gas phase.24,25 The development of ambient mass spectrometry allows chemical 
analysis of systems in their natural state under ambient conditions,26,27 which facilitates coupling 
electrochemistry to mass spectrometry.14,28,29 A powerful approach for capturing short-lived 
electrochemically generated intermediates with tens of milliseconds life-times was recently 
																																								 																				
*Reprinted from a version under review with permission from Liu, Y.-M.; Ha, Y.; Gewirth, A. A.  
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demonstrated.30  The approach features a rotating waterwheel working electrode design coupled 
to desorption electrospray ionization mass spectrometry31 (DESI-MS).30,32,33 A recently 
introduced relay electrospray ionization (rESI)34 using a hand-triggered piezoelectric pistol was 
coupled to a micro-electrochemical cell and used to detect intermediates in an 
electrochemiluminescence system.35 
Previously, we introduced a paper-based electrochemical cell coupled to sonic spray 
ionization mass spectrometry (SSI-MS),36 which demonstrated a short response time on the order 
of hundreds of milliseconds.37  However, potential dependence of the EC cell by applying direct 
current (DC) voltages (4 V) lacks well-defined electrochemical potential.37 In this chapter, we 
demonstrate a versatile way to couple a potential-controlled electrochemical cell to SSI-MS. The 
system is composed of a paper substrate sandwiched between two mesh electrodes and a 
microdroplet emitter directed at the cell in line with the MS. The paper substrate and a reference 
electrode were inserted in an electrolyte solution. The analytes/reagents are delivered via the 
microdroplet emitter or placed in the electrolyte solution. We demonstrate the capability of the 
electrochemical sonic spray ionization mass spectrometry (EC/SSI-MS) technique by 
interrogating two well-known electrochemical reactions involving oxidation of cysteine (Cys)38 
and glycerol. The method provides a versatile way to couple a three-electrode electrochemical 
cell to SSI-MS, which allows real-time electrochemical and mass spectrometric measurements 
with the response time on the order of milliseconds.37  
Glycerol is generated abundantly as a byproduct of biodiesel production.39 There is a 
significant interest in electrocatalytically converting glycerol into value-added chemicals.39-41 
Prior work examining the products of glycerol oxidation utilized HPLC to obtain aliquots of 
electrolyte which were then analyzed.8,9 In this chapter, we analyze the reaction products of 
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glycerol oxidation in real time. Intermediates and products of glycerol oxidation on Pt and Au 
electrode surfaces were investigated as a function of electrode potential. The short response time 
and high modulability of the cell configuration make the technique extremely valuable in 
mechanistic studies of electrocatalytic reactions, as it allows capturing transient intermediates 
involved in electrochemical conversions. 
 
4.2 Experimental Section 
4.2.1 Materials  
L-Cysteine hydrochloride (anhydrous, ≥99.0%), potassium chloride (KCl, ACS reagent 
≥99.0%), sodium sulfate (Na2SO4, ACS reagent ≥99.0%), and sodium hydroxide (NaOH, ACS 
reagent ≥97.0%) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Glycerol (C3H8O3, 
≥99.5%) was purchased from Alfa Aesar (Ward Hill, MA, USA). Methanol (CH3OH, OptimaTM 
LC/MS) was purchased from Fischer Scientific (Pittsburgh, PA, USA). 18.2 MΩ/cm water 
(Millipore Milli-Q) was used to prepare all solution. Ultrahigh purity nitrogen was purchased 
from S.J. Smith Co. (Decatur, IL, USA). Stainless steel (SS) mesh sheets (304 SS woven mesh 
with an unpolished finish, ASTM E2016-06, 0.0045" wire diameter, 30% open area) were 
purchased from Small Parts, Inc. (Miramar, FL, USA). Paper substrates were made from folded 
(two sheets of) Kimwipe (Kimberly-Clark, Neenah, WI, USA).  Pt and Au-coated mesh were 
fabricated by coating the SS mesh with 20 nm of Ti as an adhesion layer, followed by 150 nm of 
Pt and Au, respectively, using a sputter coater (AJA International, Inc., Scituate, MA, USA). 
4.2.2 Electrochemical Measurements  
Potential control was achieved with a CH Instruments Electrochemical Workstation 
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(Model 760 D, Austin, TX, USA). Working and counter electrodes were SS, Pt or Au mesh. A 
leakless miniature Ag/AgCl electrode (Model ET072, eDAQ Pty Ltd, Australia) was used as the 
reference electrode. 
4.2.3 Design of the Electrochemical Cell 
Figure 4.1 and 4.2 show the design and detailed parameters of the EC assembly coupled 
to SSI-MS. The working electrode was fabricated from a 16 mm × 10 mm mesh while the 
counter electrode was 20 mm × 15 mm. A 44 mm x 40 mm Kimwipe was folded and placed 
between the working and counter electrodes. The electrochemical cell (EC) assembly was held 
together with two office binder clips, insulated from the electrodes. The EC assembly was set at 
90° relative to the microdroplet sprayer and the MS inlet. A 20 mL scintillation vial containing 
0.1 M KCl (for the chronoamperometric measurement) or 0.1 M glycerol in 0.1 M NaOH (for 
the voltammetric measurement) was situated 5 mm under the counter electrode and placed in 
contact with the Kimwipe. The reference electrode was inserted into the vial. 
4.2.4 Mass Spectrometry 
The microdroplet sprayer was described previously.37 The Liquid (10 mM Cysteine in 1:1 
MeOH/H2O or pure MeOH) was sprayed with a flow rate at 20 µL/min.  The pressure of the 
sheath N2 gas was ~200 PSI. The microdroplet SSI sprayer was placed 2 mm from the E2 of the 
P-EC assembly and 17 mm from the MS inlet (0° relative) (Figure 4.2). High voltage was not 
applied to the sprayer to prevent in-source oxidation32,42.  The microdroplets entering the inlet of 
mass spectrometer were desolvated using a capillary temperature of 275 °C on an LTQ-Orbitrap 
XL mass spectrometer (Thermo Fisher Scientific, San Jose, CA)43-46. The Orbitrap MS was 
operated in the positive ionization mode using the following parameters: single-stage m/z range = 
	
	
72	
m/z 50 – m/z 500, m/z resolution setting = 100,000 at m/z 400, mass accuracy = 5 ppm, 
microscans = 1, ion injection time = 500 ms, tube lens voltage = 110 V. 
 
4.3 Results and Discussion 
4.3.1 Chronoamperometric Measurements of Cysteine Coupled to SSI-MS 
The well-known electrochemical conversion of thiols (cysteine) to disulfides (cystine) 
was used to validate the electrochemical cell coupled to sonic spray ionization mass 
spectrometry (EC/SSI-MS) system. In this measurement, the spray was 10 mM cysteine in 1:1 
MeOH/H2O and the electrolyte was 0.1 M KCl. 
Figure 4.3a shows a typical chronoamperogram of the EC/SSI-MS obtained by holding 
the potential at 2 V vs. Ag/AgCl for 30 s followed by switching to -0.2 V vs. Ag/AgCl for 30s 
(1st cycle not shown). With 2 V applied to the working electrode, the initial current decays to a 
steady state current, while negligible current was detected with -0.2 V applied. The initial higher 
current is associated with cysteine in MeOH/H2O from the spray trapped in the cell while the 
working electrode is held at non-oxidizing potentials, while the steady state current is associated 
primarily with water oxidation along with chloride and cysteine oxidation. Measurements 
obtained absent cysteine (dash-dotted line) at 2 V yield relatively smaller steady current, 
associating with the oxidation of water and chloride. When -0.2 V was applied, negligible 
current with and without the presence of cysteine in the spray (Figure 4.3a) indicates that no 
faradaic process was involved. 
Ion chromatograms and mass spectra were recorded simultaneously by using an Orbitrap 
mass spectrometer during the chronoamperometric measurements. The mass spectrum obtained 
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with 2 V applied (Figure 4.3b) shows ion signals corresponding to [Cys-S-S-Cys + H]+ (m/z 
241.032) and [Cys-S-S-Cys + Na]+ (m/z 263.014), with relatively little signal associated with 
Cys ([Cys + H]+ m/z 122.028 or [Cys + Na]+ m/z 144.010) from the spray.  Alternatively, the 
mass spectrum obtained at -0.2 V (Figure 4.3c) shows both [Cys-S-S-Cys + H]+ (m/z 241.032) 
and [Cys-S-S-Cys + Na]+ (m/z 263.014) along with [Cys + H]+ (m/z 122.028) and [Cys + Na]+ 
(m/z 144.010).  The high intensity of ion signals corresponding to the unoxidized material shows 
that no electrochemical reaction has occurred at this potential. The change in ratio indicates that 
Cys supplied from the spray was depleted at 2 V vs. Ag/AgCl and Cys-S-S-Cys was generated as 
the oxidation product of Cys (Figure 4.3b). No oxidized product is observed with the potential 
initially held at -0.2 V.  
Figure 4.3d shows the potential dependent behavior of the ratio of ion signals corresponding 
to [Cys-S-S-Cys + H or Na]+ to ([Cys-S-S-Cys + H or Na]+ + [Cys + H or Na]+). The ratio is 
large when the potential is held at 2 V, while it decays when the potential is held at -0.2 V. We 
noticed yellow discoloration of the Kimwipe after 2 V was applied which is likely due to 
chlorine generation from the oxidation of Cl−. The generated chlorine at 2 V vs. Ag/AgCl may 
chemically oxidize Cys and keep oxidizing Cys at -0.2 V vs. Ag/AgCl. As a result, the ion signal 
corresponding to [Cys-S-S-Cys + H or Na]+ persists and gradually decreases as a function of 
time.  
In order to examine whether Cl– is required to obtain ion signal corresponding to [Cys-S-
S-Cys + H or Na]+ in MS, we replaced 0.1 M KCl with 0.1 M Na2SO4 as the supporting 
electrolyte. Figure 4.4a shows that Cys starts to oxidize at ~0.6 V vs. Ag/AgCl. However, we did 
not observe any generated oxidation product of Cys in MS until 1.5 V vs. Ag/AgCl was applied. 
Figure 4.4b, 4.4c and 4.4d demonstrate the synchronized behavior of the chronoamperometric 
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measurements and the ratio of Cys-S-S-Cys to (Cys-S-S-Cys + Cys) demonstrates the successful 
coupling of the EC cell to the SSI-MS. The results show that oxidation of water generates 
reactive oxo-species which chemically oxidize cysteine with 1.5 V vs. Ag/AgCl applied. 
4.3.2 Pt and Au-Coated Mesh for the Identification of Products and Intermediates in 
Glycerol Oxidation 
A typical half-cell electrochemical measurement involves potential-dependent changes in 
current and reaction products, the nature of which may depend on the working electrode material.  
In this section we evaluate the products of glycerol oxidation on Pt or Au, by modifying the SS 
mesh through sputter coating. 
Figure 4.5 shows linear sweep voltammograms obtained from the EC cell consisting of 
Pt-coated SS mesh with 0.1 M NaOH or 0.1 M glycerol in 0.1 M NaOH as the electrolyte at a 
scan rate of 0.01 V/s. The voltammogram recorded in the presence of 0.1 NaOH on the Pt-coated 
SS mesh exhibits reduction current starting at 0.85 V vs. RHE which is associated with the 
oxygen reduction reaction (ORR)47 occurring in this open cell configuration. Alternatively, when 
glycerol is added to the electrolyte, the ORR current is diminished and an oxidative feature 
peaking at 0.84 V arises.  This oxidative features must be associated with glycerol oxidation, and 
occurs at a potential entirely consistent with prior reports8,9 obtained using Pt disk electrodes in a 
more traditional electrochemical cell. The repeatability of the EC reaction in the cell was 
demonstrated by multiple cycles of cyclic voltammograms shown in Figure 4.6. 
To probe the oxidation products of glycerol, we couple the EC cell to the SSI-MS 
instrument. Absent an applied potential, the mass spectrum shows a predominate peak associated 
with glycerol ([C3H8O3 + Na]+, m/z 115.037) and a lesser peak at m/z 120.987 associated with 
glycolic acid ([C2H4O3 – H + 2 Na]+). The glycolic acid peak is observed even when electrolyte 
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is sprayed directly into the mass spectrometer, suggesting that the ion signal associated with 
[C2H4O3 – H + 2 Na]+ is not generated via a faradaic process in the EC cell. This constant 
background was subtracted from the potential dependent spectra reported below. No peaks 
associated with putative oxidation products of the methanol spray were detected in control 
experiments throughout the potential region interrogated here. 
Figure 4.7 shows mass spectra acquired when the EC cell was held at different potentials 
following a linear sweep voltammetry initiated at 0 V vs. RHE. Ion signals corresponding to 
[C3H8O3 + Na]+, m/z 115.037 (glycerol) and [C2H4O3 – H + 2 Na]+, m/z 120.987 (glycolic acid) 
were observed when the EC cell was held at 0.2 V vs. RHE (Figure 4.7a). No other oxidation 
products such as glyceraldehyde, glyceric acid or formic acid were detected at 0.2 V vs. RHE. 
Glyceraldehyde ([C3H6O3 – H + 2 Na]+, m/z 135.003) was generated as the first oxidation 
product starting at 0.4 V vs. RHE, which agrees with the previously reported results.9 Figure 4.7b 
and 4.7c show ion signals corresponding to [C3H8O3 + Na]+, m/z 115.037 (glycerol), [C3H6O3 – 
H + 2 Na]+, m/z 135.003 (glyceraldehyde), [C3H6O4 – 2 H + 3 Na]+, m/z 172.980 (glyceric acid), 
[C2H4O3 – H + 2 Na]+, m/z 120.987 (glycolic acid), [HCOOH – H + 2 Na]+, m/z 90.977 (formic 
acid) and [C3H4O5 + Na]+, m/z 142.995 (tartronic acid) in different relative intensities to the base 
peak at m/z 115.037 (glycerol). The plot of relative ion intensity of generated products vs. 
potential of the EC cell (Figure 4.9b, individual mass spectra acquired at potential shown in 
Figure 4.8) shows that the oxidation products of glycerol increased from 0.4 V, maximized as the 
potential raised to 0.8-1.0 V, and decreased as the potential scanned further to 1.6 V vs. RHE 
(Figure 4.7d). This trend matches with the linear sweep voltammogram shown in Figure 4.9a. 
Figure 4.9 shows that glyceraldehyde was detected throughout the whole oxidation 
process since 0.4 V and peaked at 0.7 V, which is consistent with the previously reported 
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results.9 Note that a neutralizing pretreatment9 was not required to detect glyceraldehyde, which 
is an unstable intermediate under alkaline conditions9,48. The lack of need for pretreatment using 
EC/SSI-MS facilitates identification of intermediates during the EC process. Glyceraldehyde is 
oxidized to glyceric acid at 0.5 V. Formic acid and a significantly increased amount of glycolic 
acid were also detected at 0.5 V, meaning that glyceric acid is readily oxidized to higher 
oxidation states to generate formic acid and glycolic acid. In addition to the sequential two-
electron transfer steps (glycerol → glyceraldehyde → glyceric acid → glycolic acid/formic acid), 
tartronic acid (a four-electron transfer step from glyceric acid) was also observed in low intensity 
at 0.5 V. At 0.6 V, formic acid and glycolic acid were generated in similar amount, suggesting 
that glyceric acid undergoes a C-C bond cleavage to generate formic acid and glycolic acid. This 
two-electron transfer step dominates the four-electron transfer step, making formic acid and 
glycolic acid primary products at 0.6 V. 
Starting at 0.7 V, glycolic acid grows significantly accompanied by glyceric acid, 
glyceraldehyde, and formic acid as products. At 0.7 V, the amount of glycolic acid is greater than 
the amount of formic acid, even though the expected amount of these two products should be the 
same. The discrepency in the detected amounts of glycolic acid and formic acid may be due to 
our open-air EC cell configuration, which facilitates a further two-electron transfer step to 
convert formic acid to CO2. Tartronic acid was also found at 0.9 and 1.1 V, showing that this 
four-electron transfer pathway coexists with two-electron transfer from glyceric acid to glycolic 
acid and formic acid. Another possible four-electron transfer occurs resulting in further oxidation 
of glycolic acid to oxalic acid. Oxalic acid ([C2H2O4 – H + 2 Na]+, m/z 134.966) was found at 1.6 
V (Figure 4.10) in very low intensity. At 1.0 V, the amount of products decrease because of the 
deactivation of Pt surface due to an inhibiting surface oxide formation.9 
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We also investigated glycerol oxidation using a Au-coated mesh as working and counter 
electrode for the EC/SSI-MS. Mass spectra acquired when the EC cells were held at the final 
potential of each linear sweep voltammograms were shown in Figure 4.11. The higher oxidation 
current density shown in Figure 4.12a suggests that Au is a more active catalyst for glycerol 
oxidation than Pt in alkaline solution. The Au catalyst also exhibits a higher onset potential (0.8 
V) than Pt (0.4 V). Oxidation products including [C3H6O3 – H + 2 Na]+, m/z 135.003 
(glyceraldehyde), [C3H6O4 – 2 H + 3 Na]+, m/z 172.980 (glyceric acid), [C2H4O3 – H + 2 Na]+, 
m/z 120.987 (glycolic acid) and [HCOOH – H + 2 Na]+, m/z 90.977 (formic acid)  were observed 
starting at 0.8 V vs. RHE (Figure 4.11). Glycolic acid remains the main oxidation products on 
Au throughout the oxidation process. Note that the oxidation current increases significantly from 
1.1 V to 1.3 V (Figure 4.12a) corresponding to the maximized generation of glycolic acid at 1.2 
and 1.3 V (Figure 4.12b). The decreasing current in the voltammogram after 1.4 V also matches 
with diminished detection of oxidation products in the EC/SSI-MS. Interestingly, neither 
tartronic acid nor oxalic acid were detected using Au-coated mesh, which is consistent with 
previous reported results.8,9 Hydroxypyruvic acid (an oxidation product of dihydroxyacetone) 
and its further oxidation product ketomalonic acid were not detected on either the Au or Pt-
coated mesh. In contrast to previously reported results,8,9 glyceraldehyde was detected on Au 
throughout the oxidation process. Most likely this obsevation reflects the efficacy of EC/SSI-MS 
to detect transient intermediates without a pretreatment step. 
 
4.4 Conclusions 
The chapter describes a dynamic method to detect products and intermediates in 
electrochemical processes by using in situ mass spectrometry. The method features synchronized 
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electrochemistry and mass spectrometry as demonstrated by cysteine oxidation, where the ratio 
of cystine (Cys-S-S-Cys) to cysteine maximized at oxidizing potentials and approached zero at 
non-oxidizing potentials. The relative ion signal intensity of the products of glycerol oxidation 
monitored by MS coherently corresponds to the current density recorded in the voltammetry. The 
method detects glyceraldehyde on both Pt and Au without the need of sample treatment. The 
results show that sequential two-electron transfer steps (glycerol → glyceraldehyde → glyceric 
acid → glycolic acid/formic acid) dominate on Pt, while glycolic acid is the major product on Au. 
Tartronic acid and oxalic acid are generated when using Pt electrodes. The current 
implementation facilitates the detection of intermediates and products involving electrochemical 
processes such as fuel cells and batteries. 
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4.5 Figures and Tables 
 
 
Figure 4.1 Schematic of the EC assembly coupled to SSI-MS. 
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Figure 4.2 Detailed parameters of the EC cell coupled to SSI-MS. 
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Figure 4.3 Synchronized behavior of the EC cell and SSI-MS. (a) Chronoamperometric 
measurements of the EC cell (high E = 2 V vs. Ag/AgCl, low E = -0.2 V vs. Ag/AgCl, pulse 
width = 30 s, (1st cycle was not shown.)). Dash-dotted line acquired in the absence of Cys. (b) 
Mass spectrum acquired with 2 V vs. Ag/AgCl applied to the EC. (c) Mass acquired with -0.2 V 
vs. Ag/AgCl applied to the EC. (d) Plot of the ratio of the ion signals of [Cys-S-S-Cys + H or 
Na]+ to ([Cys-S-S-Cys + H or Na]+ + [Cys + H or Na]+) during the chronoamperometric 
measurements. 
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Figure 4.4 Synchronized behavior of the EC cell and SSI-MS. (a) Linear sweep voltammetry of 
the EC cell. Scan rate: 0.01 V/s. The spray was 10 mM cysteine in 1:1 MeOH/H2O and the 
electrolyte was 0.1 M Na2SO4.  (b) Chronoamperometric measurements of the EC cell (high E = 
1.5 V vs. Ag/AgCl, low E = -0.2 V vs. Ag/AgCl, pulse width = 20 s, (1st cycle not shown)) and 
plot of the ratio of the ion signals of [Cys-S-S-Cys + H (241) or Na (263) or 2Na – H (285)]+ to 
([Cys-S-S-Cys + H (241) or Na (263) or 2Na – H (285)]+ + [Cys + H (122) or Na (144) or 2Na – 
H (166)]+) during the chronoamperometric measurements. n represents H, Na, or (2Na – H). (c) 
Mass spectrum acquired with -0.2 V vs. Ag/AgCl applied to the EC. (d) Mass acquired with 1.5 
V vs. Ag/AgCl applied to the EC. 
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Figure 4.5 Linear sweep voltammograms (scan rate: 0.01 V/s) of the EC cell consisting of Pt-
coated SS mesh with 0.1 M glycerol in 0.1 M NaOH or 0.1 M NaOH in a scintillation vial. 
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Figure 4.6 Cyclic voltammograms of glycerol (0.1 M) oxidation in 0.1 M NaOH using Pt-coated 
mesh. Scan rate: 0.05 V/s. 
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Figure 4.7 SSI-MS mass spectra acquired when the EC cell held at (a) 0.2 V, (b) 0.5 V, (c) 0.9 V, 
and (d) 1.6 V. The absolute intensity was amplified 20 times for m/z at 90.977, 10 times for m/z 
at 120.987, 100 times for m/z at 135.003, 50 times for m/z at 172.980 and 500 times for m/z at 
142.995. The inset shows linear sweep voltammogram with a scan rate at 0.01 V/s of the EC cell 
consisting of Pt-coated mesh (working and counter electrodes). The scintillation vial contains 0.1 
M glycerol and 0.1 M NaOH with Ag/AgCl reference electrode.  
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Figure 4.8 EC/SSI-MS spectra acquired when the EC cell was held at different potentials 
following a linear sweep voltammetry initiated at 0 V vs. RHE. The absolute intensity was 
amplified 20 times for m/z at 90.977 ([HCOOH – H + 2 Na]+, formic acid), 10 times for m/z at 
120.987 ([C2H4O3 – H + 2 Na]+, glycolic acid), 100 times for m/z at 135.003 ([C3H6O3 – H + 2 
Na]+, glyceraldehyde), 50 times for m/z at 172.980 ([C3H6O4 – 2 H + 3 Na]+, glyceric acid) and 
500 times for m/z at 142.995 ([C3H4O5 + Na]+, tartronic acid). The inset shows linear sweep 
voltammogram with a scan rate at 0.01 V/s of the EC cell using Pt-coated mesh (working and 
counter electrodes). The scintillation vial contains 0.1 M glycerol and 0.1 M NaOH with 
Ag/AgCl reference electrode. 
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Figure 4.9 (a) Linear sweep voltammogram of glycerol (0.1 M) oxidation in 0.1 M NaOH using 
Pt-coated mesh. (b) Plots showing relative ion signal intensity of generated oxidation products as 
a function of potential. 
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Figure 4.10 EC/SSI-MS detailed mass spectrum in Figure 4.8 acquired when the EC cell held at 
1.6 V accompanied with calculated mass spectrum of [C2H2O4 – H + 2 Na]+, showing that oxalic 
acid (C2H2O4) was found at 1.6 V in very low intensity. 
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Figure 4.11 EC/SSI-MS spectra acquired when the EC cell was held at different potentials 
following a linear sweep voltammetry initiated at 0.6 V vs. RHE. The absolute intensity was 
amplified 100 times for m/z at 90.977, 10 times for m/z at 120.987, 100 times for m/z at 135.003 
and 100 times for m/z at 172.980. The inset shows linear sweep voltammogram with a scan rate 
at 0.01 V/s of the EC cell consisting of Au-coated mesh (working and counter electrodes). The 
scintillation vial contains 0.1 M glycerol and 0.1 M NaOH with Ag/AgCl reference electrode. 
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Figure 4.12 (a) Linear sweep voltammogram of glycerol (0.1 M) oxidation in 0.1 M NaOH 
using Au-coated mesh. (b) Plots showing relative ion signal intensity of generated oxidation 
products as a function of potential. 
  
	
	
91	
4.6 References 
(1) Oberacher, H.; Pitterl, F.; Erb, R.; Plattner, S. Mass Spectrom. Rev. 2015, 34, 64-92. 
(2) Iwasita, T.; Nart, F. Prog. Surf. Sci. 1997, 55, 271-340. 
(3) Frank, O.; Dresselhaus, M. S.; Kalbac, M. Acc. Chem. Res. 2015, 48, 111-118. 
(4) Marco, R. D.; Veder, J.-P. Trends Anal. Chem. 2010, 29, 528-537. 
(5) Arslan, S.; Yilmaz, I. Polyhedron 2007, 26, 2387-2394. 
(6) Lu, Y.-C.; Crumlin, E. J.; Carney, T. J.; Baggetto, L.; Veith, G. M.; Dudney, N. J.; Liu, Z.; 
Shao-Horn, Y. J. Phys. Chem. C 2013, 117, 25948-25954. 
(7) Bussy, U.; Boujtita, M. Talanta 2015, 136, 155-160. 
(8) Kwon, Y.; Koper, M. T. M. Anal. Chem. 2010, 82, 5420-5424. 
(9) Kwon, Y.; Schouten, K. J. P.; Koper, M. T. M. ChemCatChem 2011, 3, 1176-1185. 
(10) Cindric, M.; Matysik, F.-M. Trends Anal. Chem. 2015, 70, 122-127. 
(11) Volk, K. J.; Yost, R. A.; Brajter-Toth, A. Anal. Chem. 1992, 64, 21-33. 
(12) Volk, K. J.; Yost, R. A.; Brajter-Toth, A. Anal. Chem. 1989, 61, 1709-1717. 
(13) Diehl, G.; Karst, U. Anal. Bioanal. Chem. 2002, 373, 390-398. 
(14) Liu, P.; Lu, M.; Zheng, Q.; Zhang, Y.; Dewald, H. D.; Chen, H. Analyst 2013, 138, 5519-
5539. 
(15) Baumann, A.; Lohmann, W.; Jahn, S.; Karst, U. Electroanalysis 2010, 22, 286-292. 
(16) Bruckenstein, S.; Gadde, R. R. J. Am. Chem. Soc. 1971, 93, 793-794. 
(17) Baltruschat, H. J. Am. Soc. Mass Spectrom. 2004, 15, 1693-1706. 
(18) Barile, C. J.; Gewirth, A. A. J. Electrochem. Soc. 2013, 160, A549-A552. 
(19) Wang, H.; Rus, E.; Sakuraba, T.; Kikuchi, J.; Kiya, Y.; Abruña, H. D. Anal. Chem. 2014, 86, 
6197-6201. 
	
	
92	
(20) Xu, X.; Lu, W.; Cole, R. B. Anal. Chem. 1996, 68, 4244-4253. 
(21) Zhou, F.; Berkel, G. J. V. Anal. Chem. 1995, 67, 3643-3649. 
(22) Looi, D. W.; Eyler, J. R.; Brajter-Toth, A. Electrochim. Acta 2011, 56, 2633-2640. 
(23) Lu, W.; Xu, X.; Cole, R. B. Anal. Chem. 1997, 69, 2478-2484. 
(24) Fenn, J. B.; Mann, M.; Meng, C. K.; Wong, S. F.; Whitehouse, C. M. Science 1989, 246, 
64-71. 
(25) Blades, A. T.; Ikonomou, M. G.; Kebarle, P. Anal. Chem. 1991, 63, 2109-2114. 
(26) Cooks, R. G.; Ouyang, Z.; Takats, Z.; Wiseman, J. M. Science 2006, 311, 1566−1570. 
(27) Harris, G. A.; Galhena, A. S.; Fernández, F. M. Anal. Chem. 2011, 83, 4508-4538. 
(28) Li, J.; Dewald, H. D.; Chen, H. Anal. Chem. 2009, 81, 9716-9722. 
(29) Liu, P.; Zheng, Q.; Dewald, H. D.; Zhou, R.; Chen, H. Trends Anal. Chem. 2015, 70, 20-30. 
(30) Brown, T. A.; Chen, H.; Zare, R. N. J. Am. Chem. Soc. 2015, 137, 7274-7277. 
(31) Takáts, Z.; Wiseman, J. M.; Gologan, B.; Cooks, R. G. Science 2004, 306, 471-473. 
(32) Brown, T. A.; Chen, H.; Zare, R. N. Angew. Chem. Int. Ed. 2015, 54, 11183-11185. 
(33) Brown, T. A.; Hosseini-Nassab, N.; Chen, H.; Zare, R. N. Chem. Sci. 2016, 7, 329-332. 
(34) Li, A.; Hollerbach, A.; Luo, Q.; Cooks, R. G. Angew. Chem. Int. Ed. 2015, 54, 6893-6895. 
(35) Qiu, R.; Zhang, X.; Luo, H.; Shao, Y. Chem. Sci. 2016, 7, 6684-6688. 
(36) Hirabayashi, A.; Sakairi, M.; Koizumi, H. Anal. Chem. 1994, 66, 4557-4559. 
(37) Liu, Y.-M.; Perry, R. H. J. Am. Soc. Mass Spectrom. 2015, 26, 1702-1712. 
(38) Safavi, A.; Ahmadi, R.; Mahyari, F. A. Amino Acids 2014, 46, 1079-1085. 
(39) Simões, M.; Baranton, S.; Coutanceau, C. ChemSusChem 2012, 5, 2106-2124. 
(40) Avramov-Ivić, M. L.; Leger, J. M.; Lamy, C.; Jović, V. D.; Petrović, S. D. J. Electroanal. 
Chem. 1991, 308, 309-317. 
	
	
93	
(41) Avramov-Ivic, M.; Léger, J.-M.; Beden, B.; Hahn, F.; Lamy, C. J. Electroanal. Chem. 1993, 
351, 285-297. 
(42) Vanberkel, G. J.; Zhou, F. M. Analytical Chemistry 1995, 67, 3958-3964. 
(43) Makarov, A. Anal. Chem. 2000, 72, 1156–1162. 
(44) Hardman, M.; Makarov, A. Anal. Chem. 2003, 75, 1699-1705. 
(45) Makarov, A.; Denisov, E.; Kholomeev, A.; Balschun, W.; Lange, O.; Strupat, K.; Horning, 
S. Anal. Chem. 2006, 78, 2113-2120. 
(46) Perry, R. H.; Cooks, R. G.; Noll, R. J. Mass Spectrom. Rev. 2008, 27, 661– 699. 
(47) Marković, N. M.; Gasteiger, H. A.; Ross, P. N. J. Phys. Chem. 1996, 100, 6715-6721. 
(48) Kwon, Y.; Lai, S. C. S.; Rodriguez, P.; Koper, M. T. M. J. Am. Chem. Soc. 2011, 133, 
6914-6917. 
	
	
94	
Appendix A 
 
Observation of the Dimer Complex in Electrolytes for Rechargeable Magnesium Ion 
Batteries by Sonic Spray Ionization Mass Spectrometry 
 
A.1 Introduction 
Magnesium batteries have attracted more and more attention since the demonstration of 
the first rechargeable magnesium battery.1 The relative abundance, non-dendritic plating, and 
higher volumetric capacity have rendered magnesium a promising anode material.2 Although the 
use of a Mg metal anode in Mg batteries enable high volumetric capacities (3833 mAhcm−3),3 
electronically blocking surface layer caused by the reduction of conventional magnesium 
electrolytes inhibits reversible deposition and stripping of magnesium.4 
Passivation layer free, reversible magnesium plating and dissolution have been 
demonstrated in Grignard solutions (RMgX in ethers, R = organic alkyl or aryl, X = Cl or Br).1,5 
The reducing nature of Grignard reagents limits the anodic stability (1.3V vs. Mg), and hence 
narrow the electrochemical window for cathode materials.4 By combining Grignard reagents and 
Lewis acids (2:1 RMgCl:AlCl3, R = phenyl), the stability against oxidation reaches 3.0 V vs. 
Mg.6 Non-Grignard halo-aluminate electrolytes in tetrahydrofuran (THF), including alkoxide-
based (2:1 ROMgCl:AlCl3),7,8 amido-based (3:1 HMDSMgCl:AlCl3, HMDS: 
hexamethyldisilazide),9 and inorganic halide-based (2:1 MgCl2:AlCl3)10,11 have been developed 
to enhance the chemical stability.  
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The active species for Mg deposition and stripping in halo-aluminate electrolytes have 
been studied by NMR, FTIR, Raman spectroscopy and X-ray pair distribution function data.12,13 
It has been suggested that the active species are very likely the dinuclear Mg complex 
[Mg2(µ−Cl3)·6THF]+, commonly referred to as the “dimer”. However, direct observation of 
[Mg2(µ−Cl3)·6THF]+ has not been demonstrated and the stability of the dinuclear complex in 
solution [Mg2(µ−Cl3)·6THF]+ is a subject of discussion in the literature.14 Prior work15 
examining the species in 2MgCl2-AlCl3 Lewis acid electrolytes utilized subambient pressure 
ionization with nanoelectrospray mass spectrometry (SPIN-MS)16 and [MgCl·3THF]+ was found 
in solution.15 Sonic spray ionization17 is a process free of voltage, discharges and heating 
interferences, allowing for the interrogation of fragile complexes carrying a native charge in the 
electrolyte. It has been shown that SSI-MS is capable of identifying intact fragile metal 
complexes that are not observed using conventional ESI-MS.18 This section of the thesis focuses 
on characterization of alkoxide-based magnesium ion electrolytes by SSI-MS and compares the 
results with inorganic halide-based electrolytes. 
 
A.2 Experimental Section 
A.2.1 Materials  
All chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA) and used as 
received unless specified otherwise. Tetrahydrofuran (THF, anhydrous, ≥99.9%) and MgCl2 
(Alfa Aesar, Ward Hill, MA, USA) were further dried according to previously reported 
procedures.11 Ultrahigh purity nitrogen was purchased from S.J. Smith Co. (Decatur, IL, USA). 
Pt wire (Alfa Aesar) was cleaned in concentrated HNO3 and heated in a H2 flame prior to use. 
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Mg foil (GalliumSource, LLC, Scotts Valley, CA, USA) was mechanically cleaned with a razor 
blade in the glovebox prior to use. 
A.2.2 Preparation of Electrolytes  
The preparation and conditioning of the magnesium aluminum chloride complex (MACC) 
electrolyte was described previously.19 0.1 M (DTBP)MgCl (DTBP = 2, 6-di-tert-butylphenolate) 
electrolyte in THF was prepared as reported previously.20 In particular, 41.26 mg (0.2 mmol) of 
2, 6-di-tert-butylphenol was dissolved in 1.9 mL dried THF, and then 0.1 mL of 2.0 M 
EtMgCl/THF solution was slowly (over 10 minutes) added into the 2, 6-di-tert-butylphenol 
solution while the solution was maintained at ~0 °C. The 0.1 M (DTBP)MgCl solution was 
stirred at room temperature for one hour before adding AlCl3 or used as an electrolyte for 
electrochemical and mass spectrometric analyses. 0.1 M (DTBP)MgCl-1/2AlCl3 was made slow 
addition of 13.33 mg (0.1 mmol) AlCl3 (anhydrous) into the 0.1 M (DTBP)MgCl solution (2.0 
mL) maintained at ~0 °C. The 0.1 M (DTBP)MgCl-1/2AlCl3 was stirred at room temperature for 
one hour prior to use. 
A.2.3 Electrochemical Measurements 
Potential control was achieved with a CH Instruments Electrochemical Workstation 
(Model 600D, 620A, 760C, or 760D potentiostats, Austin, TX, USA). Electrochemical cells 
were assembled in an Ar glovebox with a Pt wire working electrode and a Mg foil 
counter/reference electrode. 
A.2.4 Mass Spectrometry 
Sonic spray ionization mass spectrometry (SSI-MS)17 was performed by spraying the 
electrolyte solutions through a microdroplet sprayer described previously21 into the inlet of an 
	
	
97	
LTQ-Orbitrap XL mass spectrometer (Thermo Fisher Scientific, San Jose, CA).22-25 The spray 
was generated without spray voltage using a pressure of N2 sheath gas at ~200 psi at a spray rate 
of 10 µL/min. Upon entering the inlet of the mass spectrometer, desolvation was achieved using 
a capillary temperature of 200 °C. The mass spectra were obtained in both positive and negative 
ionization modes with a single-stage m/z range of 50 – 1000, a resolution setting of 100,000 at 
m/z 400, a mass accuracy of 5 ppm, microscans set to 1, an ion injection time of 500 ms, and a 
tube lens voltage of 100 V.  
 
A.3 Results and Discussion 
A.3.1 Electrochemical Characterization 
Figure A.1a shows a typical cyclic voltammogram obtained from a Pt working electrode 
in 0.1 M (DTBP)MgCl in THF. The cycle starts from 0.5 V vs Mg/Mg+ and the electrochemical 
deposition occurs at ca. −0.65 V vs. Mg/Mg+. In the anodic scan, the electrochemical stripping 
occurs at around 0.1 V vs Mg/Mg+. In this electrolyte, the coulombic efficiency of the Mg 
deposition-dissolution processes was found to be 31%, consistent with the previous report of 70% 
albeit with a lower concentration electrolyte used here.20 Figure A.1b shows the effect of 
addition of AlCl3 to the 0.1 M (DTBP)MgCl solution. The figure shows that AlCl3 addition 
increases the current density and columbic efficiency while decreasing the overpotential for Mg 
deposition and stripping, again consistent with previous reports.7 Thus AlCl3 addition leads to 
the formation of active species that facilitate Mg deposition-dissolution processes. 
A.3.2 Sonic Spray Ionization Mass Spectrometry 
 In order to evaluate the origin of the behavior shown in Figure A.1, sonic spray ionization 
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mass spectrometry (SSI-MS) was used to detect ionic species in the electrolytes. Figure A.2a is a 
SSI-Orbitrap FTMS mass spectrum in the positive ion mode obtained from 0.1 M (DTBP)MgCl-
1/2AlCl3 in THF. The identified exact m/z along with the isotopic distribution show ion signals 
corresponding to [MgCl·2THF]+ (m/z 203.068), [MgCl·3THF]+ (m/z 275.126), [Mg2Cl3·2THF]+ 
(m/z 296.991), [Mg2Cl3·3THF]+ (m/z 369.049), [Mg3Cl5·3THF]+ (m/z 462.971), and 
[Mg3Cl5·4THF]+ (m/z 535.029). The relatively higher intensity of the chloride-bridge Mg dimer 
([Mg2Cl3·2THF]+/[Mg2Cl3·3THF]+) in the mass spectrum indicates that Mg dimer is the 
predominant species in the solution. Intact six-coordinate Mg dimer ([Mg2Cl3·6THF]+) was not 
identified in the spectrum, which can be due to THF dissociation caused by the sonic spray 
process and high vacuum inside the mass spectrometer. A small contribution is observed at the 
m/z = 275.126 and 462.971 due to the presence of the monomer [MgCl·3THF]+ and the trimer 
[Mg3Cl5·3THF]+ suggesting that these species exist in equilibrium, similar to the Schlenk 
equilibrium found in Grignard solutions. The dominate species, however, is the dinculear 
[Mg2Cl3·xTHF]+ complex. 
In the negative ion mode (Figure A.2b), we observe a predominant peak at m/z 205.159 
corresponding to 2, 6-di-tert-butylphenolate ([DTBP]−) and a peak at m/z 337.047 associated 
with [AlCl3DTBP]−. It is also possible that the addition of AlCl3 to (DTBP)MgCl generates 
neutral species such as AlCl2DTBP, AlCl(DTBP)2 and Al(DTBP)3 that are not detectable by 
mass spectrometry. 
Figure A.3a shows a SSI-Orbitrap FTMS mass spectrum in the positive ion mode 
obtained from 0.1 M (DTBP)MgCl in THF. The overall ion intensity is low (9.27E2 at m/z 
981.631), indicating that ionic species are few in 0.1 M (DTBP)MgCl. The monomer 
([MgCl·3THF]+ at m/z 275.126) was identified in the spectrum. No other observable Mg-Cl 
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species were observed. As we switched to the negative ion mode (Figure A.3b), a predominant 
peak at m/z 205.159 corresponding to 2, 6-di-tert-butylphenolate ([DTBP]−) was observed.  
Based on the MS data, [MgCl·3THF]+[DTBP]− is the primary ion pair in 0.1 M 
(DTBP)MgCl electrolyte solution. The addition of AlCl3 generates ionic species including 
[Mg2Cl3·xTHF]+, [AlCl3DTBP]− and [DTBP]−, which can be described as: 
2!"#$%&'(   !"#$! +!"#$%&! 2!"#$%&'( + 2!"#$! + 2!"#$%&! + !"#"! → 2!"!!"!! + !"#"!!"#$! + !"#$! + 2!"#$%&! 
 
Interestingly, the ionic species in conditioned MACC (MgCl2-1/2AlCl3) shown in Figure A.4a 
also suggests that dinculear [Mg2Cl3·xTHF]+ complex is the dominate species. In the negative 
ion mode, AlCl4- is the dominate anion (Figure A.4b), which is consistent with the NMR, FTIR, 
Raman spectroscopy and X-ray pair distribution function data.12,13 
 
A.4 Conclusions 
The addition of AlCl3 in alkoxide-based electrolytes improves electrochemical 
performance and it is likely due to the generation of the dinculear [Mg2Cl3·xTHF]+ complex. The 
first direct evidence of the presence of a dinuclear Mg complex in the conditioned MACC 
electrolyte was demonstrated by SSI-MS. The similar ionic species distribution in two different 
magnesium ion electrolytes suggests that the formation of dinculear [Mg2Cl3·xTHF]+ complex in 
solution is likely crucial to Mg deposition and stripping.  
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A.5 Figures and Tables 
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Figure A.1 Cyclic voltammogram of a Pt working electrode and a Mg counter/reference 
electrode in (a) 0.1 M (DTBP)MgCl and (b) 0.1 M (DTBP)MgCl-1/2AlCl3 at a scan rate of 1 
mV/s. 
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Figure A.2 SSI-Orbitrap mass spectra obtained from 0.1 M (DTBP)MgCl-1/2AlCl3 in (a) 
positive and (b) negative ion modes. Background peaks were marked with an asterisk (*). 
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Figure A.3 SSI-Orbitrap mass spectra obtained from 0.1 M (DTBP)MgCl in (a) positive and (b) 
negative ion modes. The absolute intensity was amplified 5 times for m/z at 275.126 in (a). 
Background peaks were marked with an asterisk (*). 
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Figure A.4 SSI-Orbitrap mass spectra obtained from conditioned 0.06 M MgCl-1/2AlCl3 in (a) 
positive and (b) negative ion modes. Background peaks were marked with an asterisk (*). 
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